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based on investigations of simple heteregeneous models. “the existence
of large gradients and high local SARs, as confirmed by our results,
further supports an accepted view that bilological effects at relatively
low average SARs are due to thermal interactions., This is particularly
" important at frequencies at and near the resdnance frequency for a
given species. -

“?or humans, high SARs occur in the neck, and the ratio of the SAR
o the neck to the whole-body average increases with frequency Qur
investigations suggest that below 160 MHz, high ratios mygccur.
‘Presently, available theory offers little guidance in this respéct, as
the block model calculations have been shown to be pnreﬁ/able tor
determining SARs ia relatively small volumes, -

i’indings\:‘\‘xeat-f ield Exposuresw

-
e

Spased on the experimental findings we believe that because of the
spatial pattern of energy deposition, the whole-body average SAR is not
an adequate dosimetric measure for near-field exposures. For assess-
ment of potential hazards and derivation of exposure limils a quantity
such as the SAR averaged over 10X of the total volume or‘mass {s sug-
sested as a more adequate quantity. Furthermore, because the peak to
avcrage SARs are of the order of hundreds, if only the whole-body-
average SAR is coasidered in establishing safecy limits, potential
problems may arise from high SARs in crucial locatioans, e.g. the eye.
For d{nstance, the ANSI standard exempts all portable transmitters
having output power of 7W or less below | GHz, but a dipole antenna
with a reflector deposits about 15 W/kg close to the body surface for

the output power cf JW, -

Similarly as for the far-field, presently available theories do
oot provide rveliable data on peak SARs or SARs averaged over limited
size volumes.
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INTRODUCTION

This research project was carried out from December 1, 1981 till
September 31, 1985, Pour sclentific reports hsve beea submitted
earlier.

The objective of the project was to develop and evaluate a
computer-controlled system for measurements of the spatial distribution
of the specific absorption rate (SAR) in biological bodies and to per-
form measurements on a model of the human body, with particular
esphasis on exposures in the near-field of antennas,

In this report we provide only a summary of findings, as detsiled
information can be found in our publications enclosed ia thc Appendix

and the four earlier reports (see list of reports submitted),

EXPERIMENTAL SYSTEM AND MATERIALS

A computer-controlled scanning system is capable of positioning
electric field probes within a volume of 2 x 0.5 x 0,5 m with aan uncer~
taiaty of 0.05 wm, The system also provides for data acquisition,
processing, display ard recording (Stuchly et al, 1983). The systenm
can acquire, and record the data oan the SAR ia over 650 locations
within a full-scale model of the human body in approx. l.5h. The
specific absorption rate is calculated from the measured electric field
intensity., The electric field intensity i{s measured with implantable
triaxial electric-field probes. The probes have been fully charac-
terized and calibrated at various frequencies, Their calibration
accuracy is *1 dB, while the repeatability in the SAR measurements 1is
better thaan 20,5 dB (Stuchly et al 1984), At the latter part of the

oroject, performance of the probes was ifuvestigated at interfaces of

O, U o T Y O TR A T DR T T R A T T N e X T

Brmma s oo




#

-2 =
regions with different dielectric properties., This investigation was
done in non-homogeaneous spheres consisting of an ianer air pocket
surrounded by muscle material, A fully satisfactory behaviour of the
probes was observed, whea corrections for different calibration factors
were applied., Differences between the caltulated and measured values
of the SAR at interfaces did not exceed * 1 dB.

Speclal electronic circuitry was built to interface the electric
field probes with the computer, During the course of the project three
versions of the cireuitry were built (Stuchly et al 1986¢c), with the
latest one proviuing an improvement ia the signal-to-noise ratio of
about 7 dB. The electivaic systems built allowad us %o measurs rela-
tively weak electric fields 1& tissue, and to obtain a wide dynamic
raage of aver 30 dB (Stuchly et al 1986¢).

To simulate the electrical properties of tissues new tissue-
equivalent materials have been developed, They are characterized by a
long life time of over one year, in contrast to the previously
developed materials which cannot be stored for longer than one moath as
their electrical and mechanical properties deteriorate rapidly
(Hartsgrove and Kraszewski, 1984). The tissue-equivalent materials
simulating muscle, average tissue, brain, bone and lung suitable {n the
frequency range from 100 MHz to 1 GHz are presently available
(Hartsgrove et al, 1986).

Computer programs which have been developed provide not only
control of the experimeat and data acquisition, but Jata nornmalization
and averaging, variety of SAR calculations (e.g. various average SARs),
data extrapolation, comparisons with theory, where applicable, and

plotting. Plotting can be done in various formats: standard x-y plots
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3-D plots, and cross-sectional plots showing lines of a coastaat

parameter (e.g. SAR = 1 W/kg)

ENERGY DEPOSITION IN THE FAR-FIELD
The far-field measurements were perfermed at three frequencies,

160, 350 and 915 MHz, for two polarizations (E and H) and at one

. frequency (350 MHz) for three (E,H & k) polarizations. Local values of

the SAR were determined 1in approx, 650 poiats within a half of a
homogeneous model, with the test-point grid denser ia the head and
torso than in the limbs, Average SARs for the body parts aand the
whole-body were calculated from the measured local SARs,

The spatial distribution of the SAR is highly non-uniform, with
the SAR typically varying within three or more orders of n;ngnitude.
Very large gradients occur aloag the direction of wave propagation, and
much higher SARs than the whole body average are produced ia the nack
for the E polarization at 160 and 350 MHz (Kraszewski et al 1984a,
Stuchly et al, 1985a, 1986b).

At all frequencies an exponential decay of the SAR in the torso in
the direction of wave propagation was observed., The atteauation coef-
ficient was equal to that of a plane wave propagating Iin a senmi-
infintte slab having the same electrical properties. This fiadiang is
important as it indicates that the priaciples of geometrical optics can
be applied to easily calculate the SAR distribution in the torso at
frequencies lower than previously expected, Therefore, simple calcul-
ations can account for tissue layeriang in the torso, i.,e. the skin,

fat, bone, muscle, etc, at frequencies above 160 MHz. At frequencies
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above 900 MHz such calculations apply also to the head and legs
(Stuchly et al 1986b).

The neck-head region has a complex geometry and because of it SAR
distributions are highly non-uniform and frequency dependent, For
instance, at 1460 MHz SAR = 1000 nW/kg in a tissue slab across the neck
4 cm thick, compared to the whole-body average SAR = 100 auW/kg for 1
aW/cn? incident power density in the E polarizatioa. At 350 MHz SAR =
400 mW/kg in the center of the neck, while the whole-body average SAR =
40 wW/kg for ! mHW/cm? incideat power density in the E polarization,
Retwee: 160 MHz and 350 MHz about 2 éo 3 times greater rates of energy
deposition occur ia the head thaa the whole-body averages (Stuchly et
al 1986b), ‘

A comparison of the results of our measurements with theoretically
predicted SAR distribution in a block model of man consisting of about
340 cells (details in the previous report = May 1984) shows that the
block model does not provide adequate data oan the SAR distribution,
even approximately, at frequencies equal or greater than 350 MHz,
Differences by a factor of 10 to 20 are typical. Such general features
as for imstance an exponeantial decay ia the torso is not predicted by
the block model., On the other hand a relatively good agreement between
the theory (block model) and our nmeasurements was observed for the
whole-body average SARs. However, such agreement cannot be claimed for
the averages calculated usiang spheroidal models for the H polarization,
The measured average SARs are higher, likely because of a large part of
energy being absorbed {: the legs and therefore spheroidal model

approximation having appareat limitatinns (Stuchly et al 1986b).
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ENERGY DEPOSITION IN THE NEAR~FIELD

Measurements were performed at 160, 350 and 915 MHz for typical
representative antennss (siﬁulating portable transmitters aud leakage
fields), such as resonant dipoles, resonant dipoles with reflectors and
resonant slots, and at about 150 MHz for a monopole antenna monitored
on a box simulating hand-held transmitter,

All antennas were designed to be well matched in free space and
with the human model in close proximity. The antennas were placed at
distances of ebout one tenth of the wavelengths, either close to the
neck-head for exposures simulating leaky transmitter cabinets (slot
antennas),

At all frequencies and for all configurations investigated energy
deposition was concentrated within a limited volume of approximately
one tenth of the total body volume, The spatial distribution of the
SAR was highly non-uniform, even more than for far-field exposures.

The maximum local SAR were between 30 to 250 times greater than the
whole=-body average SARs depending on frequency and anteanna confi-
guration (Stuchly et al 1985a, 1986b, 1986b).

Similarly as in the far-field, the SAR on the antenna axis decays
exponentially in the direction of propagation with an attenuation coef-
ficient very close to that of a plane wave in a homogeneous half space.
This conclusion does not apply to locations off the antenna axis and
for antennas closer than about one tenth of th. wavelength from the
body surface,

For the E-polarization there is a tendency for the maximum SAR to

shift toward the neck region, if the antenna is nearby that region,
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otherwise maximum SARs are produced at the antenna axis (for homo-
geneous models), )

The SAR pattern depends mainly on the antenna type, position and
polarization, the whole~body SAR is basically determined by the aatenna
gain and its distance from the body (Stuchly et al 1985b).

A comparison with the theoretical predictions for the block wodel
of man consisting of 180 cells was made for a dipole in the E polari-
zation at 350 MHz. The average whole-body SARs were found withia less
than 2%, Large dffferences were fouand in the SAR distribution, siai-
larly as in the far-field, the exponeatial decay of the SAR was aot
predicted by the theory, Relatively large differences, of an order of
5 to 10, were found between the SAR aversged over various body volhucl.

This comparison again underscored the inhereat limitations of the theo-

retial analysis (Stuchly et al 1986a).

IMPLICATIONS OF THE FINDINGS

Far-field Exposures

At frequencies above 160 MHz, ia spite of large SAR gradients,
local values of the SAR are only about 20 times higher than the whole-
body average SAR for homogeneous nodels of human body. However, an
additional incrase by a factor of 4~5 can be anticipated at interfaces
of high water conteat tissues with air (gas) pockets and low water
content tissues, The latter is based on lavestigations of simple hete-
regeneous models. The existence of large gradients and high local
SARs, as confirmed by our results, further supports an accepted view

that biological effects at relatively low average SARs are due to
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thermal interactions. This is particularly important at frequeancies at
and near the resonance frequeacy for a given species.

For humans, high SARs occur in the n.eck, and the ratio of the SAR
in the neck to the whole-body average increases with frequency, Our
investigations suggest that below 160 MHz, high ratios may occur.
Presently, available theory offers little guidance in this respect, as
the block model calculations have been shown to be uareliable for

determining SARs in relatively small volumes (Stuchly et al 1986b).

Near-field Exposures

Based on the experimental findings we believe that beacause of the
spatial pattern of energy deposition, the whole-body average SAR is not
an adequate dosimetric measure for near-field exposures, For assess~
nent of potential hazards and derivation of exposure limits a quaatity
such as the SAR averaged over 10% of the total volume or mass is sug-
gested as a more adequate quantity, Furtheraare, because the peik to
average SARs are of the order of huandreds, if only the whole~body-
average SAR is considered in establishing safety limits, potential
problems may arise from high SARs ia crucial locations, e.g. the eye.
For instance, the ANSI standard exempts all portable transmitters
having output power of 7W or less below 1 GHz, but a dipole antenna
with a reflector deposits about !S5 W/kg close to the body surface for
the output power of 7W (Stuchly et al 1986b).

Similarly for the far-field, preseatly available theories do not
provide reliable data on peak SARs or SARs averaged over limited size

volumes (Stuchly et al 1986a).
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REMARKS

I+ The greatest difficulty {n the project was due to the poor
quality of {mplantable electric field probes that are available commer-
cially. The probes are expensive and of limited capabilities, e.g. low
sensitivity at lower RF frequeacies for a reascnable size (diameter not
greater than 1 cm). Some probes, such as Narda 2608 are extremely
fragile and susceptible to mechanical breakage aand deterioration due to
high ion conceatration ia the tissue materisl in which the probes are
immersed during the measurements,

T1a the later stages of the project the situation became particu-
larly critical, as all available EIT probes broke due to agiang of the
high resistance lines, Our poor experience with available probes has
led us to development of a new design. The new probe has beea manufac-
tured and is presently undergoing complete characterization. The probe
operates in the frequeacy range 20-500 MHz, and has a diameter of | cm.

2. A unique experimeatal facility has been established, which is
suitable for 3appiag electric fields {aside and outside dielectric
bodies, This facility is likely to remain fully utilized for further
studies of RF energy deposition in models of bilological bodies. In
particular, studies of heterogeneous models of man and practical
portable transmitters are under way. The facility {s also suitable for
electromagnetic compatibility (EMC) studies., The electronic circuitry
is suitable for measurements of weak electric fields ( 1 V/m).

3. A computer coatrolled scanniag system developed provides a
viable method of measuremeats of the electric field stresngth or the

specific absorption rate (SAR) ia models of blological bodies, The
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method can be used in both the far-and the near field of RF radiation
sources at any frequency for which suitable probes are available, This
method has several advantages uhen'compared with other'experimental
methods as thermography, although it is not devoid of limitations as
analyzed elsewhere (Stuchly et al 1986b)., Experimental methods provide
viable alternatives to assess the spatial pattern of the rate of energy
deposition in biological bodies in those cases where theoretical calcu-
lations are not available, Unfortunately at the present time, accurate
nethods of SAR computation are not available for most of the practical

exposure situations at radio frequencies,
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"Specific Absorption Rate Distribution in a
Full-Scale Model of'Man at 350 MHz

" ANDRZEJ KRASZEWSKI, MARIA A. STUCHLY. SENtOR MEMBER. 1EEE. STANISLAW S. STUCHLY,
SENIOR MEMBER, IEEE. GEORGE HARTSGROVE, AN DANIEL ADAMSKI

Abstract A computer-controlled scanaing s)stem and an implantable
trianial electric:field probe have deen used to ebtain maps of the speailic
absorption rate (SAR) in various crons sections of 3 full-wale madel of
man, The model was exposwd to 3 J80-Mtlz plane ware that provided
arious onientations of the elevtne-lield vector with respect to the dodv.
The results obtained are 1n gencral agreement with previously publinhed
sheorenica! and expenmental data. The SAR dismbutions in the toro and
head were in relatively good agreement with cyhindrical and spherical
models, respectively. Enhanced abrorption in the aech and the limbs, av
previowsdy found by the thermographic method, was obsened. This suds
peovides nuch more detaled inf ion than previously available, with an
sbsolute sccuracy of =1 db.

I INTRODUCTION

HE AVERAGE specilic absorption rate (SAR) has

been extensively used in quantifying interactions of
electromagnetc fields in the radio and microwave frequency
range with biological systems. The importance of the distri-
bution of SAR's within the exposed system i~ well recog-
nized as an essential factor in quantifying ..ological ¢f-
fects. In recent years, numerous theoretical methods have
been developed for dosimetry, as reviewed elsewhere (1]-(3).
Analyses of the so-called block model of man appear to be
most promusing in providing the SAR distribution [4]-{7).
Results of such analyses have recently been also utilized in
calculatir g the thermal response of a man exposed to radio
waves (8).

In view of the importance of SAR distribution, it is
essential that theoretical daa are quantitatively venfied
experimeatally Furthermore, as the capabiliiies of analyti-
cal methods are limited in treaung such complex struciures
as biological bodies, expenmental methods may offer the
only viable means for studying the SAR distnbution 1n
models closely resembhing the actual bodies under more
compicx exposure conditions (e.g., near-field exposure).

* There are three viable techniques for measunng SAR dis-
tributions. A thermographi. method has been developed
and successfully apphied on scaled-down models {9)-{11).
The main limutations of this technique are a imited spaual
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resolution due to the small size of the models and a
difficulty in incorporating the anatomtcal structure into
such a small model. Conversely. 1f a full-scale model of
man is analyzed by thermography, very high intensities of
the exposure field are required. These limitations have led
to the use of two other dosimetaic techmques on full-scale
models of man.

A nonperturbing temperature probe has been used to
measure the SAR in a limited number of locatons i a
full-scale model of man exposed at frequencies of
1.29 and 2 GHz (12), [13), and models of other primates.
An implantable electric-field probe offers an alternative
tool for measuning the SAR distribution and has several
advantages. In addition to being particularly suttable for
measurements in full-scale models. the measurements are
not dependent on the thermal properties of the model
matenal, Not only the SAR, but also the direction of the
electric field can be determined. Measuremients can be
performed in very low exposure fields, which do not cause
any tncrease in the model temperature. Furthermore. the
dala can be conveniently obiained for 3 yery large number
of locattons when an automnatic probe positioning system s
used.

In thus paper, SAR distnbutions in a full-scale mode! of
man exposed to a plane-wave at 350 MHz are presented.
The data were obtained using a cahibrated implantable
electric-field probe and a computer-controlled scanning
system. The cxposure frequency of 350 MHz was selected
because of the reported head resonance at this {requency
{7] and the availability of SAR data for the block model of
man [14].

1I. EXPERIMENTAL ARRANGEMENT

A general view of the experimental arrangement is shown
in Fig. 1. The system—except for the computer, the gener-
ator, and monitoring equipment—was placed in an
anechoic chamber. An exposure field was produced by a
resonant slot above the ground plane, having gain of 4.87
at 350 MHz. The antenna was located below the phantom
model as illustrated in Fig. 1 for the £ onentation (i &., the
electne-field vector parallel to the long aws of the body). or
at the side of the phantom for the A onentauon (re.. the
wave propagation from head to toe, the propagation vector
parallel to the lc..g axis of the body).

The scanning >ystem was composed of a mechamcal
structure for supporung and posiioning the probe and a
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Fig 1. Expenmental arrangument {a) ancchore chamber, (b) antenna.
(c) phantom model of the human body, (d) tnaual cleetne-ficld probe,
and (¢) mechameal struture for g the probe.

pporung and p

computer system for control of the expenment. data
acquisiuon, storage, display. and recording. The probe
could be placed at any location within 3 volume of 1.9X
0.5%0.45 m. The scanning resolution was 0.013 mm/step
in each direction, and the positon repeatability (uncer-
tainty) was *0.05 mm. The probe could be moved at high
speed with a velocity of approximately 12.5 mm/s. and at
a low speed of 0,42 mmy/s. The computer hardware and
software are descnibed elsewhere [15).

The full-scale plasuic model shown i Fig. 2(a) had
dimensions of a standard man. Thus plastic model was used
to make a set of templates having exact dimensions of the
piastic model 1n various cross sections (Figure 2(b)). These
templates, 1n turn, were used to prepare 2.5-cmethick
styrofoam layers, which were glued together to obtain a
hollow phantom of man (Fig. 2(c)). This phantom was
fitled with a nuxture of water, sugar, and salt in such
proportions that it had the following clectncal properties:
¢’ =38 and o = 0.95 S/m. These properties correspond to
the tissue average properties at 350 MHz. The muxture had
a relatively low viscosity, which facihitated penetration of
the probe.

An implantable tnaxial electric-field probe, modet EIT
979, was used to measure the electnc-field intensity. This
probe was previously fully charactenzed n terms of uts

itivity 1n tissue phantom matenal, noise, and modula-
tion charactensuics {16). To improve the signal-to-noise
ratio, and therefore the dynamic range of measurements,
the radiofrequency signal was amplitude modulated at
516 Hz and a lugh-gain narrow-band amplifier was used at
the output of the probe [16}. The probe sensitivity mn the
ussue phantom matenat was 2.1 uV/(Vi/m®), and the
esttmated calibration uncertainty was +1 dB. The mini-

"Manufactured by Electronic |
Sterhng, VA 22170, US A
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Fig 2. Phantom medel of man—=design detwhs, (a) plasti model of an
aerage man. (b st of templates, and (u) sivrefoam mold

mum measurable electric.field intensity, with a »ignal-to-
noise ratio of 10 and 1-Hz bandwidth amplificr, was 1.3
V/m (SAR = 1.6 mW /kg).

111, REesuLTs AND Discussion

The SAR values at several locations within the body in
three cross sections separared by § ¢m are shown n Fig. 3.
Each data point is an average of at least five (5) separate
measurements performed on vartous days and with vanous
incident power levels within the linear range of the system

operation, Fig. 4 shows the same data along two selected -

axes, as indicated, 1n the cross section ¢lose to the body
center. The bars indicate one standard deviation. In all
expenments, the SAR values were normahized to an e
dent power density of 1 mW/cm® at a plane corresponding
to the body surface or point closest to the radiation source.
When these data are compared with expenimental data
avallable 1n the Lterature for scaled-down models at
450 MHz [11). it ts seen that, despite the difference in the
exposure frequency, there 1s good agreement. *Hot spots”
in our measurements are found in the nech region. with the
SAR values ranging from 86 to 196 mW/kg in the plane
=10 cm (corresponding approximately to the body
center). These data can be compared with a maximum of
120'mW/kg 1n the center cross section for exposure at
450 MHz {11). Similarly, 1n the legs. the maximum SAR
values are 110 and 147 mW/kg in our measurements and
at 450 MHz (11}, respectively. It appears that the location
of the maximum SAR 1n the legs 1s somewhat different at
the two frequencies. A hot spot, of somewhat smaller
mtensity than at 450 MHz (11, was observed by us in the
arms This may be due to a difference in the arms articula-
uon in the two phantom models.

A general qualitanve agreement can be observed be-
tween our data and the theoretical calculauons for the
block model {14). However, there 1s a significant difference
n the quanutative SAR distnbution. the locations of the
hot spots, and the maximum values of the SAR. The most
Iikely explanation for the observed differences is that the
shapes of the block model and our phantom are sigmfi-
cantly different and the torso of the block model consisted
of a relauvely small number of cells. In parucular, there are
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Fig. 4 Speaificab rate (SAR) distnb along the man mode!
berght for two cross secuons. 1 mW/cm? incident power depsity on the

function of distance from the radiation source 1s further
illustrated in Fig. 5. Since the SAR change is very rapd,
values averaged over large size cells in the block model are
obviously sigmificantly different from those measured by
the implantable probe, which provide averages for a rela-

tively small volume. The deposition of energy at the body *
surface within the torso was also observed thermographi-

sufficient.

The SAR distributions in the head of our model are
shown in Fig. 7 for two onentauons of the maident field
with respect to  : body. Corresponding calculated SAR
distnbutions in a l6-cm-diameter sphere filled with the

h

£

surface of the model, frequency 350 MHz ZwL, k back to froat, cally at 450 M2z {11} o
z=10¢m (sce Fig. 3, for 2 designaton). A relatively good quantitative agreement between the bl

. calculited values for the block model [14] and our data was &

only two to three layers of cells in the block model, and our  observed for the arms.
‘measurements indicate a rapid decrease of the SAR in the  Fig. 6 shows the SAR distnbutions across the chest at kN

torso in the direction of the wave propagation (compare vanous depths. Symmetry of the distnbution within the E

the SAR values at the same pownt for the three cross uncertainty of measurements is observed for the center axis e

T sections ¢ in Fig. 3). of the body. This is an expected result, confirmung that o
A rapid decrease in SAR values witlun the torso as a measurements of the SAR within half of the body are )
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Fig. 7 Spealicab rate (SAR) dustnb 1 the head, {

350 MHz, ineident power density 1 mW/exd, (3) E9 L, (®) ko L. The
dashed lines show the cal¢ulated SAR 10 3 16cm-d sphere.

same phantom material are also shown for comparison. It
can be noted that the overall shape of the curves is sinular:
however, the quantitative results are not surpnsingly differ-
ent, in view of the actual shape of the head. The SAR
distribution m the head appears to be significantly differ-
ent than that for the block mode! of man [14]. However a
detailed analysis, which is outside of the scope of this
paper, would be necessary to compare the results.

1V. CONCLUSIONS

Measurements of the speaific absorption rate (SAR)
distribution for a full-scale model of man filled with a
phantom material having average tissue pernuttivity were
performed at 350 MHz for a far-field exposure. Use ofa
computer-controlled mechamcal scanning system and an
implantable isotropic electric-field probe provided a good
spatial resolunion, an excellent reproducibility of results of
+0.5 dB, and a good absolute uncertainty of +1 dB. The
measurements were fully automated and, alter proper
calibrations and preparation, a large number of data pownts
were conveniently obtained.

At a frequency of 350 MHz, a gencrally nonresonant
behavior of the human body with maximum energy ab-
sorption 2t the surface on whichthe radiation 18 incident
was conf rmed This conclusion did not, however, apply t0
the he 4, neck, and the limbs, where more complex distri-
butic: 5 of ths, SAR wesc observed.

Our exprrmental data were 10 good agreentent with
reported expenmezial results at 450 Mifz obtained by the
thermograph:c techmque [11]; however, only a few features
of the distribution could be compared.

General qualitative agreement with theoretical data for
the block mudel of man {14} appears to exist; however, our
data are sgmificandy different, particulacly in the
head-neck region {7). Most likely, the differences are due

to differences in shapes of the models and 2 limited num-
ber.qf cells for the block model, particularly in terms of
layers (2 layers {7]).
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'SPECIFIC ATSORPTION RATE DISTRLEUTION IN A MODEL OF MAN AT.VARIOUS POLARIZATIONS.

A, Kraszevskd, M4, chhly!

)

+ 5.8, Stuchly-and C. Hartsgrove

Departmant of Electrical-Eugineeriug, Universicy of:0tteva,
Ottava, Ontarfo, KIN ¢85, and ).nadfatlon Protection Mureau,

Health’and Welfare, Canada,

asstract

A computer=based  ecanning
teplantable - electeie field
ebtain mape .of the spacific.asbestption:
1n vatious cressssections of .4 full-scale wodel of
the humsn bedys The model vas expesed te 4 plane=

vave at 350 Wiz st ‘B-and X “pelatisetions with.

respect to the dedy. lnpuuodubooucton tn the
neck and -the liebs, e previously found by the
tharsographic methed,. vas obsetved, Significent
differences detvesn the:SAR dlatribution and the
SAR values colculated -using the Wlock sedel and
those found n this werk veve obeerved, )

Intcoduction

he sverige ‘spectfic absotption cate (SaR)

has been used in  queatifying {ntersctions of’

electromagnatic (lelds: with blological” systeas at
tadio and sicrevave frequenciess The leportance
of the dtetribution of the, SAR vithin the expesed
systen {5 wall recognized as sa essentlel factor
1o quantifying resulting blologicsl responses, In
tecunt years numetous theocetical wethods. have
besn  developed ' for dovimetey, a8 ravieved
olsevhare (1)s  The analysis of -the so- called
black model of man appears to be wost promising in
praviding the SAR disteibution (2<5), 1n viev of
teportance of the: SAR distribution ss vell as the
values of the local SAR, 1t-§s esseatial that the

theotetical data ls quantitatively verilied.

axpezimentally, Thete-are tvo viable techalques
for weasuriag SAR distributioas, A therwographlc
wethod has been-daveloped and successfully applied
ta caled dovn 30dels (6,7)s The maln liaftations
of “this techaique: ate: a 1lafted spatfal
tesolution due ‘o the stze of the models and 4
Jiffteulty “in  tacorporatiag  the dadtomteat
structure (nto sach sodels, .

Ay fwplancable electric field proba offers an
alternative for acasuring the SAR.dfstributicn,

s foc-a vary large nusber of *lecat
.ylt““l“‘ atd it
oL

‘frequency of 330 Mz v,

Tutthernora, the dacs cen be coavestently ebtatsed.
* foas - vhen 8"

ulu' -of-the
fullesesle
330 Wis.

sat{c prode=pesitiealng systea i
" “tn this paper ve .present. the
SAR -dletridution. eessurenents in.
aedel of san axposed "o & :plane~vave &

‘the dats wves ebtalned. using & ‘calidested
tnplontable electeic' flel/ prebe and -4-computar=

coatzolled scannlng  eyatem. onpesure

- salected’ baceise of the
ceparted head -at’ this-t -{3) ‘and.
the “avatlsbillty . of the S$AR:data for-the 200
wodet of wan (8), ’

Experinentall AfTangenent

The experimental. eystem, ‘except for the
cosputer, (the geescater .and the wmeaitoring
equipnent, -vas -placed ta an snecheic chambers ‘As:
exposure ‘fleld ‘vas preduced by & resensnt dipele
sbave’ the ground-plene, The dipele wee lecated
belov the medel for the T polartsetisa (i.e, -the

-electeic f1eld vectot parallel: te the loag exts of

the body), or at:the side-of the wedel for the k

polarisation (1,0, the vave propagation fros hesd

to toe, tha- propagstion vecter perallel te the

long azte of the bedy), -
The

aystes of & teal
ting .and_pesitiontng of ‘the
probe and & -cos based - systes for.coatrel -of
the experiment, data acquisstion, sterage; display
and recording ave described elsevhere (9. X
The  fullwscale styrofoss “mold had the
dtsensions of « standard wsan, This 'sold vas
filled with a aixture of vater, sugsr asd salt ia
such proportions that- tt had .the “folloving
olectrical propertiess ¢ o 38 asd o 095
S/m, These propecties cotrespond to the tissue
“average”™ praperties at 350 MHz (4,5). §
{aplantable triaxial electric fleld probes,
wodel EIT 979 and Holaday -IME~OL. vers used to
seasure the electric’ field fntensity. These

structure for ¢

)

ALY

probes were previously fully -characterized- in
¢ B teras of the sensitivity In the tissue phantoa
ajdfeton” to belng  particularly. sultable for watertal, noise and nodulition characteristics
edsireniats An fullescals'  models, the Q0. = . o
medsureaents are, aot depeadent on the thermat
properties of the” model witerial, Not oaly -the
5AR, but also the direction:of the electric. field X
can be deteratned, Neasuteaents “can ‘De pucformed the spectftc abeorption cates (SARe) -fa
ustag very lov.exposure’ fields, which Jo a0t cause several- lccatfons vithin the body {a’ three crois=:
any”  iacrease  la  -the  model  tesperature. sections separated by S ca ‘sre shown fa Figure-l

Thts techalque has several advantages. In

e

.
»
i

Results and discussion
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flelds by thermographic azeasurements on real Hartsgrove, and S, Sywons, “A computer=based
wudels,” [EZE Trans. Momed, Eng,, vol BME- scanaing 1ystes for electrosagnetic
23, pp 6l1-371, 1976, Gosiaetry,” Rev. Sci. Iasttus., vol 34, No.
AN, Guy, “Non~lonizing radiation: dosieetry

11, pp 13547-13%50, 1983,
and tntetactions,” Proc. ACCIH Toptical Symp, {10) H.A,

1979, pp 75=101.
Q.P. Gandhi, asad I. cChatterjee, Private

Stuchly, A. Krasgewski, and S.S.
Stuchly, “Isplantadle electric fleld prodes

To¥en.

= some perforssnce charactarietice,”  1E2C
communtcation, 1933, Trans, Siomed. fng., vol MMEw}!, 1984, to ta
$.8. Stuchly, Y. Barski, 4. Taw, G. published.
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(a) and (b) for the & and % polartzations,
respectively, Each dats polnt {s an average of at
least flve separite seasurements, In all pxperi~
aents the SARS ware noraalized to ! wd/ce® of an
1qcident power deasity st the plane corresponding
to the body surface or the polat closest to the
radiation source,

Qur dats can be coapared with the expari~
wental results obtalned by the th hte
techalque (7). For the T polarizatrion saxisa of
the SAR wers fouad by us in the aeck and the thigh
regtons, quite sisilsr o the thermographic dats
at 450 Mz (7). Even quantitatively, the ajtes~
aent 16 vlose {n view of the {reg 41£¢

are fully automated and after proper cslibrations
and preparation, a large nuaber of data points cian
be conveniently obtained wvithuwt operatoc’s
asstatance.

At 350 iz a generally noneresonant behaviour
of the husan body, vith saximum enetgy absorption
at the surfsce oa vhich the tadtatien {s tactdent,
vas confireed, This conclueton dres not hovever
apply to the head, neck and the lisbs, vhere mota
couplax distetbutions of the SAR vere obsecved,

Que expeciaantal data 13 In & relstively good
agreessat vith the reperted exparisental results
at 430 nis  obtataed By the thermegraphic

€8s In the neck ve found SAR = 86 eN/kg, ve SAR
= 120 w/kg reported at 430 Mz,

Our experimental data vere also compared vith
the theoretical values obtained for the block
aodel of sen (4,5,8), Signtftecant differences
betvean calculated values of the SAR and our
tesults wvere observed. The coupatison e
confunded by the differences {n the shepe of the
wodels and locstions of the cosparison eltey
(while our sethod provided the SAR valyes vithin a
relatively ssall voluss of sbout ! cw’y the cells
in the block model are such lacger, > 10 aa’),
However, the observed diffcrences are of an ocdet
of asgnitude or smore, and are 1ikely to be due to
other factocs. Pacttcularly large differences
occut 18 the SAR distribution both in the head and
the torso for the % polarization. Our expert~
sental dal how 3 nearly exponentisl decay of the
SAR with ce from the sutface (sea Figure
1(b), with extremely lov SAR tn the legs, vhile
the theoretical calculations ehow appreciadle SAR
values 1o the logs (8).

A raptd decresse of the SAR values vwithin the
torso a3 & fuactiocn of the distance avey fros the
radgation source for the ¥ polarization is
11lustsated io Tigure 2 The depesition of the
esrergy at the body surface vithin the torso vas
also observed thermographically st 450 Mz (7).
For the k polarizatfon the SAR distridutien is
quslitatively very izilar to that of an
elipsoidal cylinder which s not surprislog in
viev of the similaritiss in shege.

the SAX distributions in the head are shown
ia Figure 3. Cortesponding SAR distributions in &
16=¢3 diaseter sphere filled with the ¢ame phantos
asterial are 3ldo shovn for cosparison, Tt can be
noted that the shape of the curves is very
stailar, hovever, the quantitative results are
clightly differect., The SAR distribucion in the
head sppeats to bu diffecent than thst for the
block model of aan (8) as a0 elgnificant
resonances ver~ found at 350 Mz,

Conclustons

Meusuresents ¢f the specific absorption rtate
(SAR) distridution (a3 full-scale 3odel of eaa
tilled with & phautoa asterial having average
tissue perwittivity have beea perforaed at 350 wiz
for a far=field exposure and two polsrizations.
The use of & cospater-zostrolled wsechanical
scanntng system and tmplantable ldotropic probes
prorided good spatislt resolusion, excelieat re=
productibiitty of results of & 2548, arl a3 jood
absolate uncertatuty of & 1 8. The sedsufesents

q D, . oaly & fev features of
the distribution ceuld be cospaced.

The results of our expariments differ
significantly from the values of the local SAR
caleulated for the block model of win (4,5,8).
Particularly large diiferences occur in the head
and torso for the k polartzation. The distrie
butions of the SAR {n the head vers feund eisiler
to that for & lossy sphers vithout any sigeificent
resonsaces at 350 MMz,

Qur experd 1 tassits provide ¢ ive
proof of eerious iisitatfons of the theoreticsl
snalysts of siaplified sodels of man in terms of
the distribution of enevgy, Our vesults also
eleracly Indicate the sipificence of obtaining
the SAR dietridutien {n & celisble masner under
realisttc conditions,
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A computer controlled system and an implantable isotropic electric field probe “'
were used to obtain local values of the specific absorption rate (5AR) within a kol
full scale homogeneous model of man. The model was exposed to & plane wave at i
350 MHz and two polarizations, the electric field parallel to the axis and the (::'

propagation frcaz-head=-to-toe. For the electric field parallel to the model axis
the SAR distribution s higkhly nonuniform with relatively narrow maxima in the
neck (C.17 W/kg for ! oH/cm®) and just above the knee, In the torso the SAR
decreases exponentially from the surface along the direction of the wave
propagation, The distribution of the SAR in the head does not exhibit any
significant maximum in the center as predicted by calculations for “"the block
model™, but resembles the SAR distribution in a lossy sphere of the comparable
diameter. For the wave propagation from head-to=toe the distribution of the SAR
igs also highly nonuniform with a maximum at the top of the head (close to the
source) and with a smaller maximum in the neck region, The highest local SAR
occurs in the shoulder region.
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y ‘ 7.1 ENERGY ABSORPTION IN THE NEAR FIELD- ‘2L&“ Q‘
' H EXPERIMENTAL RESULTS FOR A MODEL OF

¢ MAN

| A. Kraszewski, S. Stuchly, M. Stuchly#

. G. Hartsgrove and D, Adanmski

Departaent of Electrical Engineering
' University of Ottawa, Ottawa, Ontario,

KIN 685, Canada
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Distridbutions of the electric field and the

' equivalent specific absorption rate (SAR) in full scale
sodels of man exposed in the near-field of linear and
slot antennas at a frequency of 350 MHz have been
neasured. A computer-controlled scanning system and a

! calibrated triaxial electric field probe were used, A
full-scale styrofoam mold of the human body was filled

#ith equivalent "average" tissue material and exposed

in the near-field of an anteana located 8 cm from the

back of the model with the feed point in the sternun

region. For the E polarizatioa and the dipole antenna

the maximua equivalent SAR {3 locatest {n the uneck

region above the fecd point of the antenna. The

distribution of the equivilent S5AR aloug the direction

of propagation at the feed point tevel exhibits an

exponential decay with large values of the SAR on the

surface (over 1W/kg/W). It has also been found thot

¢ tha naxinun equivalent SAR on tane axis of the model for
the € polarization was twice as large as for the H

I polarfzation (110 aW/xkg/W anc¢ 60 aW/kzg/¥,
respectively). For the slot antenns and E polarization
the maxinum SAR occurs at the feed point of the

\ antenna.  We have found that the near-field

. disteibutions of the SAR are highly avuuaiform with

! high values on the surfice of the exposed model. It {s
evident, that in ocrder %o assess a potential health
h3zard from exposure {n the near-f1eld 1 detailed

¢ experimantal mapping of the SAR distribution is

! aecessary,
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Since it 1is difficult to calculate exposure to a man from portable transmitters,
the specific absorption rate (SAR) was measured in over 500 locations within a
full scale model of the human body. The model was exposed to a resonant dipole
radiating at 350 MHz, located 8 cm from the body surface parallel to the axis of
the body with the feed point in the neck region, The SAR was measured within a
tissue volume of less than 1 cm’, The local values of the SAR exhibit an
exponential decay with a maximum at the body surface, except in the neck and head

e i 0

g

regions, In the head the maximum {s at the surface, but the changes inside the {:‘-
head are very slow. In the neck, after an initial exponential decay there is a '(".:
small increase in the SAR. The maximum close to the neck surface is 0.6 W/kg for he
1 W {input power to the dipole. The SAR averaged along the direction s
perpendicular to the body axis shows large variations along the main axis of the

body. A relatively broad maximum (0.18 W/kg for 1 W) 1is located in the neck- 5
shoulder region., This is in qualitative agreement with the calculated data for o
200 MHz (Spiegel, IEEE Trans., vol, MIT-30, 1982, p 177). ‘o
g

s
To assist in program scheduling, please underhne the category below which best characterizes the subject matter "l"
of your paper. g:l
Effects: Neurological Field perturbation
Behavioral Physiological Hyperthermia "
X Cellular Sensory Instrumentation -
" Developmental Ultra-structural Therapeutic applications o
ELF Diagnostic applications )
Endocrine Dielectric properties Other: )
Genetic of biological materials :‘(
Hematopoietic Dosimetry iy
Immunological Exposure systems -:?_
£
Authors are requested to send abstract and three (3) copies by March 1, 1984 to:
Don Justesen ::':

Research Service (151) NS

USVA Medical Center L

Kansas City, MO 64030 1

N




. M : B
ELECTROMAGNETIC DOSIMETRY 1IN, FULL-SCALE MODELS OF THE HUMAN BODY Qb+_[23

Al uraazeuskz
Dept, of Electrical En;ineurivg. University of Otzawa n
Octawa, Ontario, CANADA KIN 6N5

Abstract. 'In investigations of biological effects of electromagnetic waves it
1s essdntial to identify spatial distributions of the clectric fields: induced
inside exposed bodies. A computer-controlled system has been developed and an
cvaluatfon of the implantable vlectric-field probes has been performed which
subsequently were used to obtaln maps of the electric ficld induced in various
cross<sections of a full-scale electrically=equivalent models<of man. Some
results from exposures in the near-fleld and the far-field of resonant dipoles
and slets at {requencies from 160 MHz e 915 MHz are presented in the paper.
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Egisnductlon
ateractions of electromagnetlc fivlds with biological tissues and bodies
are woarlex funetion of ndmerous parameters. fhe {ntensity of the Internal
“leld induced s fue blological bodies depends on the parancters of the exter~
aal field, the friquency, the intensity, divection and polarization, as well
45 on the size, shape and the dielectric properties of the uxposed body.-As
the magnetic permeabii.ty of tissue {s practically equal to that of free -
space, all known and anticipated interactlons occur through a mechanisn invol-
ving the electric field. Therefore, the electric ffeld-vector or its distribu-
tfon throughout the exposed body provides a full description of the e¢xposure
field-vody interactions. The main objective of vlectromagnetic.dosimetry {s
3] vuantixv these Interactions,
A doSimetric mudsure that has been widely aQOPCLd is the opecliic absorptien
rate (SAR) (1} defin as the time derivacive of the Incremencal energy dW -

v
N

3=

LN

B ubaorb;d by an inerd.. (tal mass of tissue (dm) contained in a volume-element
tﬁi WY oF a given Jdensity § . Thus,
: d ,dw d aw
e = s (| — w e mm——) 1)
. = (®m) = & 3 Ak (

Using the Povnting vector theorem for sinusoldally varying electromagnetic
fleld, {t may be written as
§ 2
sak = = |k @
shore & 45 the tissue conductivity in 3/a and jE| is tae rms value of the
taternal electriv fleld in Vim. The bab s capressed in W/kg or tneir deriva-
rives. The whole-body uaverage SAR is defined as o zativ of the total absorbed
power in the expossed boay to its mass. The local SAR refers to the value
hithin a defined un.t volume or unit mass, which can de arbitrarily small.
In bioelectromagnetic rescarch dos:imetry uas deen developing {n two parallel,

24
ViV

2

SO & S AN A ROt gen CARPLIICIALILL g AT

\mp}imuuzw‘ eams, theoretival and X an:al Theorezlcal dosimec:y :
cee ol s analysis of samplifiad medels (2}, walle experimental dosimetrry :

o> ool I ou o with the development of acziods i instrumentation :or Reasure- |
2ents ol the internal vlectric flelds, SAaRe ane relat.d parancters.

s paper deals with the dosimetric eaperiments carried out at the Univer-
>.ty of Yttawa on Tull-scale models of an average 2an, 3t several frequencies
aiu under variems exposure conditions.

Zyperimental arranpement

Slecn diagram of the system emplodeu in these experiments is snown in Fig.l.
The aucle svstem - encept for the conmputer, the generator and monitoring
sautprient = iy placed in an anechoic chaaber. The scanning systea {3] is
wapesed of 4 mecuanical structure for sepporting and positioning the probe
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Fig.l. Block ‘diagram of the measuring system

dn. any location wi:hin 4. volume -of 1. 9%0.5%0.45 m with, agcuracy
of 0,1 :cm, -and a compu:er system for control of the experlmen:,
data aquisition, s:orage. displny and recotding.

A mold closely approximacing an anatomically correct avetage
man of a height of 175 cm and -a weight of 70 kg is. filled with
semiliquid phantom matertal whose elecerical propertie: upproxi-
nate :hose of the "average tissue t.e. 2/3 of :he ‘mugele. tigsue,
The -model is placed hori:ontally with the an:cnna lountud ‘below: i{t.
For E- and H= =polariz ations the electric-£iald vector is parallel
or perpendicular to ‘the long axis of hody. rcspectivuly.

‘The electric field 1ntenslty is neasured by thé implantable
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triaxial electric field probe {4} - model EIT 979, The probe was fully charac-
terized in terms of its sensitivity in tissue phantom material, nvisa and nodu=
lation characteristics {S] at every particular frequency and its calibration
was spot-checked during the course of the experiments. The SAR is then calcula-
ted from the measured electric field intensity according to Eq.(2). The uncer-
tainty in the SAR was estimated at 21 dB and was mostly due to the calibration
uncertainty of the probe {6]. Reproducibility of the experiments conducted at
different power levels and on various duys was weil within I 0.5 dB range.

Experimental results

Far-field exposure. Distribution of the local SAR values in the mid-section
of the body along two axis, for E polarization at 350 MHz and 915 MHz are
shown in Fig.2. Maxima of the dissipated energy occur in the neck region at
both frequencies. Large SARs also are produced {n different locations in the

. lvps, Similar distributions were obtained for the H polarization, with the SARs
contribution from limbs varying versus trequency. Such iancreased the body-part
absorption {s somezimes referred to as the resonant absorption., The bodv-part
{ncreased SAR depends on polarization and for the homogeneous model of man on
limb dimension = wavelength ratio, For instance, at 50 MHz and the E polariza-
tion {6} the SAR in the head-neck reglon is 2.5 times the whole-budy average
SAR,

Sear-field exposyre. Distributions of the SAR {n :ross-section of the homoge-
aeous torse exposed to a near-field of resonant alots with reflectors, located
in the Jistance of approx. 0.1 from the body surface, for E polarization at
350 MHz and 915 MHz are shown in Fig.3Ja. The similar discribucions for resonant

. et} 1)
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Tig. 3. Disrributions of the local SARs in the torso cross-sections for:
aY siots wirn raflectors ac A = 330 MHz; B- 913 Miz, b) resonant
Jipoles ir 4 = 100 MHz; B - 915 MHz, Radiated power 1 %
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Fig.4. The specific absorption rates averaged over tissue layers pevr-
pendicular to the body axis for resanant dipoles with reflectors

dipoles wirh reflectors at 160 MHz and 915 MHz are shown in Fig.3b. It is evident
that the maximum SAR occurs on the axis of the antenna and that the SAR decays
exponentially inside the body along the direccion of propagation. More complex
SAR distributions have been found in the head-neck reglon. At higher frequencies
even though the average value of the SAR decrcascs (see Flig.4), the maximum
values on the surface remain high. The cncrgy absorption occurs over a smaller
and snaller vegion of the body with increasing frequency.

Conclusions
Measurements of the specific absorption rate (SAR) spatial distribution in

a full=scale models of nan filled with a homomeneous phantom raterial havinz
average tissue permittiviey were performed at several frequencies from 160 Miz
to 915 MHz. Various polarizations for far-field and near-field exposure were

.+ evaluated. & computer-controlled scanning system and an inmplantable {sotropie
clectric~{ield probe provided a good spatial resolution, an excellent repredu-
eibilicy (0.5 dB) and uncertainty of measurement becter than S 1 dB. The
measurements are fully automated and after a proper probe calibratien, a large
number of data points can be conveniently obtained for any radiating source
-human body configuration.

The results on the spatial distribution of the SAR inside the heman bedy
under various exposure conditions arve important in establishing prozection
standards against harnful exposures to RF energy as well as fov producing
rore effective heating in cancer hyperthermia anf for decign of better RF and
nicrowave diatherny devices.
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MAPPING THE INTERNAL ELECTRIC FIELD IN MODELS OF BICLOGICAL OBJECTS

*
A. Kraszewski

EBSTRACT. A computer-controlled scanning system and triaxial electric field
probes were used to measure spatial distribution of the electric field in a
full-scale homogenecus medel of the human body. Experimental results obtained
at frequencies 160 MHz, 350 MHz and 915 MHz in the near-field of resonant
dipoles and slots with reflectors are presented.

INTRODUCTION

In recent years advanced mmerical techniques and medern computers have
made the solution of many complex electravagnetic problems pessible, Howaever,
theoretical analysis still remains very difficult and long computational
time is required to solve some of the problems. For instance, in evaluating
the potential hazards of the exposure of man to electromagnetic fields ard
in designing electramagnetically induced hyperthermia (for cancer therapy)
it is essential to identify the spatial distribution of the electric field

in the whole in the part of the human body. Due to the camplexities in the
shaoe and varying electrical properties of the body cmputatxons can not be
accurately performed in many cases. Evparimental methods in such cases can
provice a viable alternative [1,2] .

This contrikution describes an experimental system for the mapping of
the spatial distributions of the electric fields inside mocels of the human
body. The systan operates at radio and microwave frequencies. Experimental
results for near-field exposures of a mocel of man in the near-field of
resonant dipoles and slots with reflectors at frequencies 160 MHz, 350 MHz
and 915 MHz are discussed.

EXPERDVENTAL METHOD

To measiwe the electric field intensity inside the models miniatwre ime-
plantable triavial probes were used [3] . A probe contains of three ve..'v
short electric cmoles loaded with
minjature sduott?y-barner diodes con-

nected to the external circuitry by 4
high resistance leads, The dipoles are t ) : 30

!

arranged in Y- or I-beam configuration
which allows for measurements of the
electric field components. Thus, not
only the magnitude but potentially
also the direction of the electric
field can be determined. Measurements
are performrd at very low level expo-
sure which do not cause measurable
increase of the model temperature.
The prcbes were calibrated prior to
the experiments by measuring the
electric field distributions in lossy

40
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1612 catculated |'mcm
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Peobe Oulput Veltage Lpvi

dielectric szheres of variocus diame- /

ters, The prcbe output voltages for b NI
many locations in sghere were ccmpa- S B B
red with the calculated values obta- Figile

ined from the Mie solution [4], )
using the least~-square technigue. The results of calibraticn of the elecurac
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field probe (EIT model 979, OD. 9 rm) in a 16-co diam. sphere filled'with a
lossy material at 475 Miz (AM 510 Hz) are shown in Fig.l. It may be seen
that the probe ocutput voltage (dots) follows the theoretical distribution
(line) rather well and that even large gradients of the electric field can
be finely reproduced by the prcbe. The uncertainty in the measurements of
the electric field was estimated to be # 0.5 dB. This is mostly due to the
calibration uncertainty of the probe.

A calibrated probe may be positioned in any selected location in a model
under camputer control in a specially cevelcped scanning system. A block
diagram of the measuring system is shown in Fig.2. The system - except for

r
SIGNAL DIGITAL \-RF POWER COAX CABLE

SYNTHESIZER ATTENUATOR | AMPLIFIER <
4 _j

POWER ANTENNA
MODUL ATOR METER
E-FIELD
< PROBE
x®
GRAPHICS ¢=O POPIN/34 N2 b oooooooeess PROBE
TERMINAL MINICOMPUTER |2 {0PTICAL FIBRE LINK HOLOER
E } 11 E
2
CRT PRI';TER CONTROL STEP [y
I
MONITOR PLOTTER UNIT MOTORS Fig.2.

th: computer, generator and the monitoring equipment - is placed in an
anechoic chamber. An optical fiber link connects the electric-field-probe
amplifier with the remaining electronic circuitry located ocutside the cham-
ber. The scanning system is composed of a mechanical structure for suppor-
ting and positioning the probe in any location within a volume of 1.5 m by
0.5 m by 0.45 m and a computer system for control of the experiment, data
aguisition, storage, display and recording [5] . To increase the dynamic
range of the measurements of the electric field intensity RF signals are
amplitude modulated at about 500 Hz, which provides optimum signal to noise
ratio [4) . The ocutput sigivl from the probe is amplified, A/D converted
and fed to the corputs

A plastic mold closly approximating an anatomically correct average man
of a height of 175 cm ard a weight of 70 kg was filled with semiliquid
tissue-equivalent material whese dielectric properties agproximate those of
the "average tissue", i.e. 2/3 of the skeletal muscle properties. The model
was placed horizontally on low-density styrofoam blecks. The antenna was
located below the model for the E- and H-polarizations (i.e. the electric

1field vector being parallel or perpendicular to the long axis of the body),
or at the side of the model for the k-polarization (i.e. the progagaticn
vector parallel to the long axis of the body).

Resonant divoles with reflectors coperating at 160 )iz, 350 IHz and
915 %z were amployed as radiating anternas. Two resonant slots with reflec
tors placed close fram the model torso (approx. 0.1A) were also investiga-
ted. The dipoles simulated a potential situation of exposure to portable
transnitters, while the slots that of leaky transmitter cabinets.

The primary advantage of the method presented here are thatmeasurements
in a large number of locations can be performed in a relatively short time,
that the sensitivity of the measuring system can be spot-checked during the
course of the experiments and that the local E-field intensity can be
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measured at almost every .point inside the .model. This is possible because

the scanning system allows probe mevement with increments as small as 1 mm
in all three directions.

EXPERIMENTAL RESULTS ’

Results of the experiments are presented in a form of the specific ab-
sorption rate (SAR) expressed in-miV/kg, i.e. energy absorbed by an unit of
volure of the tissue material. Note that

SAR =§ lElz

where € is the condugtivity of the tissue material in S/m, § is the mate-
rial density in kg/m” (usuvally equals 1000 kg/m") and |E| is the measured
s value of the electric field intensity in V/m. The conductivity of the
material used in the experiments at 160 Miz, 350 Miz and 915 MHz, reported
here, was equal to 0.8 S/m, 0.95 S/m and 1.17 §/m, respectively.
Distribution of the SAR (in mi/kg normalized to the radiated power of
1 W) along the antenna axis in the torso of the hamogeneous model of full-

scale man exposed to a near-field of resonant dipole with reflector is
shown in Fig.3. The radiators were

placed in such a way that the electric 16000
field vector was parallel to the main
{vertical) bedy axis. In all cases in-
vestigared, for both types of radiators
and at all frequencies, the SAR along
the antenna axis decreases exponentia- \
lly (notice the logarytinic scale) with
distance frem the body surface. Purther
more, the attemuation ccefficients are
very close to those estimated thecre-
tically for the nommal incidence of the
plare-wave. That shows that the longer
the wavelength, the greater the pene-
tration depth in the tissue. The SAR 0
close to the surface is much greater
at 350 MHz and 915 Miz than at 160 Miz.
For the slots the SAR close to the sur=
face is less than that for the dipoles.

Figures 4 and 5 illustrate the
spatial distribution of the SAR in the
cross-section of the torso on the rad-
iator axes for dipoles and slots,
respectively. The lines show the
equi-SAR profiles in rii/kg per 1 W of
the radiated outrut power. A diffe-
rence in shape of the lines between the dipoles and the slots can be seen.
The data presented can be be utilized in designing an array to obtain a de-
sired heating contour.

Spatial distributions of the SAR averaged over tissve layers perpendi-
cular to the body main axis for the dipoles and the slots are shown in
Fig.6 and 7, respectively. The maximm SARs, except at 160 iz, occur in
the tissue layers on the radiators axes. At 160 )z, as the dipole axis is
clese to the neck, the maximum shifts toward the neck, as also observed for
far-field exposures [6] . It is evident, that for a homogeneous full-scale
model of man exposed to near-field of resonant dipoles and slots with ref-
lectors, the maximmm of the electric field induced inside the body occurs
most likely on the axis of the antenna and that it decays exponentially
ingide the body along the direction of prosacation. At higher frequencies
even though the average value of the SAR decreases sligthly (see Fig.6) [7]
the maximm values on the surface remain high. With increasing frequency
the energy absorption occurs in a staller and smaller region of the model.

SAR (w¥/kg/¥)
8

%] &0 0.0 15.0 20
Disience from Sody surfoc (ca)

Fig.3. SAR in the torso on the

axes of resonant dipoles vs, dis-
tance fram the body surface.
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ig.6. Specific absorption rate (SAR) averaged over tissue
layers perpendicular to the body main axis for reso-
nant dipoles with reflectors at three frequencies.
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CONCLLSIONS

Spatial distribution of the electric field intensity induced inside a
full-scale model of man filled with a hamogensous tissue-equivalent material
having average tissue permittivity were measured at frequencies of 160 i3z,
350 MHz and 915 MMz, Various polarizations for near-field exposure were
evaluated. A camter-controlled scanning system and an implantable isotrepic
electric-field probe provided ¢ood spatial resolution, excellent reproduci-
¥ bility of the results (2 0.5 dB) and acceptable uncertainty of the electric
f2eld measurement inside the model. The measuraments are fully autcmated
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O and after the proper probe calibration a large murker of cata can be con- .
s veniently collected at freguencies above 150 3%z (quality of the anechoic -
2 charber available at the time is the limiting factor) for any radiating fo
X source ~ human body (model) configuration. by
hd The results on spatial distribution of the electricifield intensity :
i induced inside the human body under various ewposure conditions are impor- N
A tant in establishing protection standards of exposure to RF energy. b
1 Furthermore, for the ncar-field exposures knowledse of the S3R distribution W
i is essential in Ces’yning effective heatiny systems in hyparthermia for ‘,‘,:'.
. cancer therapy. This knowledge may also be utilized in designing new RF and oot
‘__' nicrosave diathermy devices. ~
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ENERGY DEPOSITION IN A MODEL OF NAY; FREQUENCY EFFECTS IN THE NEAR FIELD.
A. Kraszewski, S.8. Stuchly, M.A. Stuchly ’ and G. Hartsgrove, Dept. of Electrical
Engineering, University of Ottawa, Ottawa, Ont. KIN 5N6; 1) Radiation Protection
Burcau, Kealth and Welfare Canada.

Spatial distributions of the specific absorption rate (SAR) were obtained in a full-
scale model of man exposed.in the ncar-field. The experiments were performed at 160,
350 and 915 MH2 for resonant dipoles and slots with the electric field parallel and
perpendicular to the main body axis. The antennas were matched and located about 0.1
from the body surface in the shoulder area (dipoles) or in the abdomen area (slots).
At all the frequencies investigated the SAR in the model on the antenna axis decreased
exponentially with distance with the attenuation coefficient equal, within experimen=~
tal error, to that of a plane wave propagating in a semi-infinite tissue laver. Large
spatial gradients of the SAR were observed at all frequencies, the gradients were more
pronounced for dipoles than for slots. At 160 and 315 MHz, but not at 915 MHz, the
maximum SAR was located fn the neck region for the E polarization. For the dipoles
the shift was approximately 20 cm off the antenna axis. For resonant dipoles and
dipoles with refleccors, the greatest whole-body average SAR per ! W of antenna input
power was at 350 MHz. The mean SAR averaged over a tissue layer 8 cm thick and
perpendicular to the main body axis was from about 11 to 18 times greater than the
whole-body average SAR. The SAR on the body surface was from about 120 to 240 times
sreater than the whole-body average. The mean for body-layers and surface SARs depend
on frequency, polarization, antenns type and its distance from the body.
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Computer-based scanning system for electromagnetic dosimetry

Stanislaw S. Stuchly, Mariusz Barski, Benjamin Tam, George Hartsgrove, and -
Stephen Symons "

Department of Electrical Engineering, University of Ottawe, Ottawa. Ontario KIN 6NS, Canada
{Received 29 November 1982; accepted for publication 15 July 1983)

‘This paper descnibes an experimental system developed for the purpose of studying the
distribution of electric field in lossy bodies. Ultimately, a map of theinternal electric field intensity
ina phantom mode! of the human body exposed in the near field of radio and microwave radiators
is obtained. The field is sampled by a nonperturbing probe in a number of points under’computer
control using a system consisting of a microcomputer and a minicomputer. A description is given
of the hardware and software components of the scanning system and the results of experimental
evaluation of the performance of the system. For illustration the electric field distributions in

simple configurations obtained experimentally are presented and compared with analytical

results.
PACS numbers: 41.10.Dq, 87.60.Mv, 41.10.Fs

INTRODUCTION

Experimental electromagnetic dosimetry is related to the
studies of the physico—engineenng aspects of the interaction
between radio and microwave radtations and biological sys-
tems.' Specifically, it concerns the determination of the dis-
tribution of the internal electric field intensity in a phantom
model of the human body exposed in the near field of radio

and microwave radiators.’ This objective is achieved using a |

computer-based scanning system capable of acquiring, stor-
ing, displaying, and recording the electric field intensity and
its direction. Nonperturbing miniature implantable triaxial
probes are used for measuring the electrical feld.’ The field
distribution in human phantoms obtained through these
studies, will be used in designing specific, pertinent to the
near-field exposures, experiments with laboratory animals
and in extrapolating the results to humans.

A general view of the experimental system for electro-
magnetic dosimetry is shown in Fig. 1. The system consists

| o ."Jf“im.#'h.""’

l-‘w 1L Genmlm\vohhumem for exp 1 w{a)anech
chamber, (b) radio-fequency antenns. {c) phamom model o{ the human

of the following subsystems: (a) an anechoic chamber: (b) an
electromagnetic radiator fed from an appropriate power
generator. A 350-MHzreflector-backed 4 /2 dipoleis shown
for illustration; (c) a realistic full-scale phantom model of the
human body; {d} a triaxia! electric field probe; and (¢} the
scanning system composed of: a mechanical structure for
supporting and positioning of the probe and a computer sy s«
tem for control of the experiment, data acquisition, storage,
display, and recording (not shown in the photograph),

Only the scanning system is described in this paper. The
results of the electric field probes and the results of the elec.
tric field patterns in simple geometncal bodies are presented
elsewhere.**

I DESCRIPTION OF THE SYSTEM
A. Mechanical structure

The mechanical structure used for supporting and posi-
tioning of the electric field probe consists of three custom
made (Velmex, Inc.) independent guiding slides forming an
xyz-coordinate system, see Fig. Ue). The longest, fixed x
slideis suspended from the concrete celing on four steel rods
and moves the y slide. The y slide, in turn, drives the z slide

which supports and positions the probe carriage. All slides _

use a lead-screw arrangement.
The probe can be placed at any location within a cube of
1.9X0.5x0.45 m. The dimension of the cube can be altered
by repositioning limit switches, at the ends of each slide.
Most of the metal parts of the system are covered by an
absorbing material (fecrite) to minimize reflections.

B. Drives

Theslides of the system are driven by three independent
stepping motors (SLO—SYN model M092-FC09) each con-
trolled by a sep dule (STM103 SLO-
SYN). The module provides sequencing and switching logic

ded for the bidirectional control of the stepping motor.

body, () trnaual electanc field probe, for supp
and positioning the probe.

The speed, direction, and number of steps are directly con-
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trolled by TTL pulse signals from the microprocessor-based
control unit.

C. Modes of operation

The system can operate in a manual or a computer-
supervised mode. In the manual mode the probe motion is
controlled by switches on a portable, hand-operated unit.
The motors can operale at fast and slow speed which is
switch selectabl di of the probe can be
stored in a file in the minicomputer memory, thus producing
a map of measurement points.

In the computer supervised mode the probe scans auto-
matically through all points of the previously selected map
and the corresponding values of the electnc field intensity
for each position are recorded. After completing the data-
acquisition phase the computer can display the results in
graphical form on 2 CRT sceeen or they can be printed in
tabular form on a line printer.

i, COMPUTER HARDWARE

Computing functions required for control of the scan.
ning unit, dataacquisition, display, and recording of the data
have been divided between two devices, namely, 4 micropro-
cessor-based control unit and a PDP11/34 minicomputer.
Some details of the computer hardware are shown in Fig. 2.

Thecontrol unit is based on the 8035 mictoprocessor. A
paralle! interface links it with the portable hand-operated
unit, the motor translators, and the limit switches. A serial
link is provided for communication with the PDP/11 such
that the control unit is seen by the PDP/11 as any other
standard asynchronous terminal. In the manual mode, the
control umit surveys all the control and limit switches and
sends pulses to the translators as directed by the operator,
Pulses sent to the translators are counted separately.

Actual states of the x, , and z counters serve as probe
coordinates and can be transmitted to the PDP/11 whenever
the motors are not running. Then, if echoed back in an iden-
tical form, the control unit turns on the “data stored™ light
indicator on the hand-operated unit. This indicator1s turned
off again each time the probe moves to a new location. These
coordinates are stored as a PDP/11 data file.

In the computer-supervised mode, the control unit
causes the probe to move to a selected position, the coordi-

nates of which are stored in the PDP/11 data file. After the

probe reaches the desired position its new coordinates are "

,stransmitted back to the PDP11. This procedure serves a dual
purpose. namely that of the continuous testing of the serial
interface line and acknowledging that the control unit has
finished its task. When the probe reaches its new position,
the output signais from the electric field measurement sys-
tem are converted into a digital form by an A/D converter
{AD11-K)and stored in the computer memory as a data file.
This information can be retrieved for tabular or graphical
display using a DEC GIGI graphic terminal and a CRT
monitor or a DECWRITER 1V graphics pninter.

To protect the electric field probe against accidental
m ical damage, the high pnomy Aableinter-
rupt line of the 8085 mxcroproccssor isactivated by a switch
mounted on the probe holder. *Go to manual mode™ (Reset)
and “Go to computer-supervised mode™ are the two other
interrupts used in the control unit.

Il SOFTWARE

The program for the control unit is written in the 8085
assembly language, while that for the PDP1! in FORTRAN.

The basic objectives of the control unit software are: (i)
To provide reliable asynchronous serial communication
between the 8085 microprocessor and the PDP/11 mini-
computer. Serial input and output lines of the $035 micro-
processor are used as an asynchronous receiver and trans.
mitter, respectively, with a baud rate of 1200. (ii) To move
the carriage along the x and y axes simultaneously. provided
that 1t remains in the retracted = position (homer. For the
carriagein any other z position {the probe possibly immersed
in the phantom) horizontal motion is not possible. fiti} To
stop the movements in any direction if the corresponding
limit switch has been activated. tiv) To prevent multiple stor-
age of a particular position of the carriage. The control unit
can respond to the STORE button only once between
changes in the carriage’s position. (v) To protect the probe
from mechanical damage.

The supervising computer (PDP11) software performs
the following functions: expeniment control, interactive
communication with the operator, data acquisition, data
storage, data processing, and data display.

During the execution of the program, the operator may
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1 s 2450 MH2, MUSCLE (¢ * 58,5 = 20 mS/cm)
“e .
erer@®
E? 30
E 2]
1.¢
e 1.0 2.4 3.0 e 15.4
DISTANCE [cm]
we
1 & 2450 MHz MUSCLE (" v 58,0 » 20mS/cm)
49T NARDA2608(3)
E e
0
X}
134 e 1.0 14 14 150

DISTANGE [¢m]

Fia. 3. lmemal elec(nc ﬂeld mlenmy 1n a slabof s muscle-cquivalent mate-
nal vs dist g thed ofthewaveat 2450 MHz.
Dnfferent hnes repmem signals rrom the orthogonal dipoles {Ref. 4). The
differences between the / and 4 dipole configurations are clearly visidle
{Ref. 4).

enter certain parameters which are recorded before the data
are actually collected.

Parameters such as irradiating power, frequency, type
of radiator, or type of the probe can be stored at the begin-
ning of the data file.

Since both, creating the map and, even more so, acquir-
ing dataare highly time consuming, particular emphasis was
placed on the development of the software which would help
the operator to avoid errors. For example, the computer dis-
playsinformation on the current state of the experiment, and
informs the op of possible optional actions which can
be undertaken. In case of an error, the experiment can be
repeated starting from any point without the necessity of
restarting.

L 3]

13 2450 MHz
4.0 3 NARDA260(D)

€ 10

WATER (78-9 5);
SPHEREDA, * 0.54

THEORY
mmessbasss EXP

E ]

0

]
e X Tae0 P )

Taus

FIG. 4. Internal electnic feld intensity in a sphere filled with water at 2450
MHz vs distance across the drameter in the ditection parallel to the direc-
tion of propagatioa of the wave. The vertical markers on the honzontal ans
indicate the center and the walls of the sphere, respectively.
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‘Fio. 5. Intemal electric field ntensity i1 & sphere filled with an “average
tissue™—equivalent material st 350 MHz vs distance scross the dlameterin
the direction parailel and normal 10 the direction of propagation of the
wave. The vertical mackers on the honzontal axis indicate the center and
the walls of the sphere, respectively.

After the data have been acquired and stored the
PDPI11 is used to display the information in a graphical for-
mat.

For illustration the internal electric field distributions
in simple geometrical configurations of lossy materials ob-
tained experimentally are presented in Figs. 3-5 and com-
pared with analytical results. Figure 3 depicts the square of
the internal electric field tntensity in a slab of a muscle-equi-
valent matenial versus distance along the direction of propa«
gation of the wave at 2450 MHz. The well-known exponen.
tial character is clearly visible. Figure 4 presents the square
of the internal electnc field intensity in a sphere filled with
water at a frequency of 2450 MHz vs distance across the
diameterin the direction parallel to the direction of propaga-
tion of the wave. Very good spatial resclution of the probs is
demonstrated in the main lobe of the characteristic. Finally, ~
in Fig. § the internal electric field intensity in a sphere filled
with an “average tissue”—cquivalent material at 350 MHz
is shown versus distance across the diameter in the direction
parallel and normal to the direction of propagation of the
wave, A relatively good agreement between the theoretical
and expenmental distnbutions is evident.

At the present time only the magnitude of the electric
field is displayed and recorded. A program for display of
both the magnitude and the direction of the measured elec-
tric field is being developed.

V. SYSTEM PERFORMANCE

Salient characteristics of the system, such as the scan-
ning volume, resolution, repeatability of finding a selected
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| TABLE L. Results of the experimental of the system.
s ! .
;::: : Axis
1N - ..
e Maximum hnear dusplacement -3 1% 50 45 %
mnin; resolu(ﬁn om/step 0.013 0.013 . 0013 E‘:
Pasition repeatabitity .
i inty) mm +0.08 +008 +00S A
Simple motion . 042 042 042 -
E Composite motion 0.41 0427 042
i igh Snm/ 'z motion /s 123 128 126
{ speed Conposite motion 1w 120 123
I
i

position, and the scanning speed were venfied expenmental-  with those punched only once. The uncertainty of position-

it i

ly. ing along both x and y axes were found to be less than 0.05
mm. 33.
A. Scanning volume o
' . L ) D. Speed <
With the limit switches at the far ends of the slides the i . =
measured scanning volume was 190X 50X 45 cm. Finally, both the low- and high-speed motions were ex- 2
- amined for a simple motion (only onecoordinate changing at "'.:
B. Resolution atime) and for a composite motion {both x and y coordinates f:;:-
X i L i . changing simultaneously). The measurement results are give 5
A dial gauge with a resolution of 0.025 mm/div. (0.001 o1 in Table I. £
in./div.) was used to measure the displacement of the probe,
In this experiment 100 steps of each motor were used. The ACKNOWLEDGMENTS

summary of the results for the three axes is given in Table I. i
This research was supported by grants from the Office

of Naval Rescarch, U. S. A. Dept. of the Navy and by Health
and Welfare Canada. The authors gratefully acknowledge
valuable discussions with Dr. M. A, Stuchly from Health
and Welfare Canada and Dr. A. Kraszewski from the Uni.
versity of Ottawa, Assistance of D. Adamski and G. Wong I
from the University of Ottawa is very much appreciated.

C. Repeatability

For the z axis the same dial gauge was used. For 10
consecutive excursions from the home position to a specified
position along thezaxis the uncertainty in the probe position
(vepeatability) was found to be iess than 0.05-mm s.d.

In the x-y plane a different technique was used. A sim-
ple map of a few points separated by several centimeters

ST
s

-,

:

-
!

from each other was stored in the computer. The probe was
replaced with a needle and a flat sheet of graph paper was
placed under the scanning system. The map was scanned
nine times under computer control, each time starting from
the initial position 1n the corner of the scanning field. Each
time the needle was lowered to punch a hole in the graph
paper. The sheet was then shifted by a few centimeters and
the scan was d. Using a mi the dim

of the holes which were punched nine times were compared

'0. P. Gandhy, Proc. [EEE 69, 24{1982).  +
*C.H. Dumey, M. F. Iskander, H. Massouds, S. J. Allen,and J €. Mitch-
¢ll, U. 5. A, F. School of Aerospace Medicine Report No. SAR-TR+$0 32,

1980,
G, S. Smith, IEEE Trans. Microwave Theory Tech. MTT+29, 120 3(1981L
*M. A, Stuchly, A. Kraszewsku, S. S, Stuchiy, and G. Hartsgrone, present.
ed at the Vth Annual Meeting of the Bioelectromagactics Saciety,
-Boulder, CO, 12-16 June, 1983 (abstracts.
*S.8. Stuchly, M. Barsks, B. Tam, G. Hartsgrove, and $. Symons, presented
atthe Vth Annual Meeting of the Bioelectromagnetics dociety, Bouider,
€O, 12-16 June, 1983 abstract).
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itract i Tigutes 1 and 2, tespectively, The ""‘"Il' $79te
In investigacions of bdlologicsl effects of alec~ :::::::L of the folloving radtotrequency/sicravave .

caagnetic waves £t s essential 2o knov spatial dis=~
S iduttons of the electric fleld {nslde exposed dadies. .
; computagr=coatrolled systea has Ddeen developed for - c‘h:l.:‘:ha‘:;::m“ (¥F) and alerovave (H) ane
' s purpose, and a& coapreheasive evaluation of the f;

plantadble electric fiald prodes has been perforaed. - e s,
o 1 electric fleld {atensity Ins{de a model of the ::"‘:::::: ted teea 4o sppropriste (RF/vd) )
: dzal or huzman bdody can be odtained at any frequency L4 3N
= thin the range of 100 MMz to 10 CHz, with sn uacec= - a fullescale phanton wodel of the antasl or e
‘._4! inty of &1 48, huasn body N
" S
\"3 INTRODUETION = & trtsxial electric-field probs aad assoclated b

Doestmetry of elactromagnetic fields {s concerned electronte clreuleey, ’
th the deteralnatton of the rate of energy deposstion
blologlcal Sodles and thafr electricsl wdels, The
we of energy Jeposition (s defined as the specific
sorpefon rate (SAR). The SAR (s relaged to the {n-
<sity of the electric fleld ¢n sttu and the electric
specties of the tissues Anovliedge of the SAR s
‘ential in quantifying bStological effects of the

DN

't

"ty
TP wan!

ctronagnetic {ields Jad developing exposure f(or et pe) -
wctrosagnetically tnduced hypertherals in treataent ‘(‘:"‘:“,o,f“ . §
cangers —

In our {nvestigstions dosizetric Jata are odtatlned 4 e
ing  non=pertutrding isplanctadle triaxfsl electric " o 1
:12 probes {1,2]) aad a compuier-controlled zechanical FIS N -_gl t»:;':'-- [ estac §
inning systes cipadle of acquiring, storing, display- ;'?" p - :
+ and recording the elescric field intenstiles at piiel ted i 1 g
‘fous locations {nslde full=scale %hm‘“b aodels of = e m‘ PN
.2al and huzan dodfes. The fleld disctridutions ob- ~ T
aed usting this systeo are used {n designlng speci~ e
<, pertinent to the near and far-Ileld exposures with 3
.oTéR00y 2aidals aad fn extrapolating the resules o ?}M".‘WJ.’&W}';‘J&L‘A':a"':'
it N

Consideradle azount of the fir-fleld experiaental b tceatunceimite
f3etric data has Neen obtalned vith phantoa dodels
anizals sad scaled=dovn zodels of huzsas uslag the F1g. 1 3lock dlagraa of the experizental systea.

racgraphic techatque {3]. This techaique, although
cving 3 Jdicect display of the local SAR values, ve=
.res very high poeer levels and suffecs froa lfalted
Lttal resolution particulacly for sialed-dovn models.

Ll

‘0, the directicn of the intermal elesivic fleld ;:

ot be tetrieved froa the experfzental dsta. and the scanning system conposed of: 5

The liattations of the theracgriphlc techalque ¢ % o P ° 3

‘¢ led us to the development of a nev systea, shich = a sechanical structure for supporting and post- &'j

vides accurate vessor aps of the electric f1eld in tiontng of the probe together vith the assoct= ~

73] l-scale phantca madels of ialzal and hudan bodles ated electrontc circultry, and »

f:f . The process of data acquisition &s fully autcsa= ' r;-.
:.."p‘ *+ and g perforacd vader cosputer control. = & coaputer-based systez for control of tte

e exper{gent, data icjuisition, setorsge, display E,

o and recording. -:‘l‘

oA SERIPTICN OF YHE SYSTEM g
" The detalls of tre ialtfal desizn and operation of

o General the scanaiag systeo were preseated elsevhere (4] and h

therefore oaly 27/vi elesen:s 3ad the recent =odiflice~ ,‘_'

F:' A block dlagram of the syscea and a genetal viev  tions of the expecizental systea will te discissed é-,'

:,&: the part located In the anechofe <tazher are shewn  here, I

-:-:- &
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Radfofrecuencyv/aicrovave elesents

The anccheoic chasber with the effective diaensions
of 6 x 4 x 2.5 m is formed by the Advanced abdsorder
absorbing pyraatds 30 ca and <5 ¢a long. The reflec-
tions froa the walls of the chaaber have been evaluated
at several frequencies and were found to be below =20
a8 for frequencles gredter than 300 MHz and belov =30
48 for frequencies above 2 Cdz.

Various ent<nnas such a3 resonant dipoles dnd
reflector=bdicked ctescaant dipolus and resondnt slots
with teflectors wvere destigned and tested 4t freq tes

I7AE8

Varfous molds of siaple geozetries {6} and that of
the full-scale zodel of the huzan body {7} were cade of
an RF-transpacent polystyrene fosaa. The zolds were
glued using an e¢poxy cesin and sealed usiang various
caulking naixtures. Recently, a aev sold of the huzan
body has been {ntroduced. It s sade froa a theczo-
plastic saterial =2o0lded arcund a oodel of a standard
ean,

A sesi-solid phantoa zaterial (afxtuyce of water,
sugar and salt) vhich staulates the electrical proper-~
ties of the “sverage” tissue vas used at 350 %z {6].
At freq les of 915 and 2430 Mz salline solutlons can

of 380, 950 and 2450 ¥Hz. These antennss ace wvell
satched and provide vell-deftaed near and far-field
radiation pattern for dostaetric expericents. The
{ntensity of the electric (ield {a the adseace of the
shantom 20del was caleulated Jnd also verlfied experi-
sentally usirg coomercially availadle electitic lield
prodes.

- we .n..“(l"l‘"ﬂ
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- W . ‘.';.‘f!;/!

|”
T A
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Tige 3 Scaantag systea fnside the anechote chaaber
a) anechole chasber; b) aantenna; ¢) codel of
the huasn dudy; &) electrlc field prode; e)
aechanical structure of the scaaning systex.

The entenna i3 fed fron an RF/MN pover asplifter
HCC Al AZK) whose output pover s monitoted by a digt~
tal power zeter (HP 4J6A) through a directionsl coupler
(1P 7220).  The pover a3plifier is driven feaa o sya=
thesized signal generator (HP £6561) theaugh a compu=
ter=controlled digtzal atiencator {TEXCAN PASL).

Izplantadle crlaxtal  electric-field prodes, s
Narda Model 1608, an EIT Modul 979 and a Holaday Nodel
14=01 were used to eeasure the elacteic fleld {atensi-
tys The calibratton procedutes asd characteristics of
these probes ace descrided elsevhere (S). The output
voltages of che prodes were fed to three independsnt
battery~operated aaplifiers, sucaed up and zransattted
via an optical=fider llak to a second apliffer located
outside the anecholc chasder. The output of this u3pie
fier vis connvcted €0 a1 AfD converter of a3 PO? 1l1/de
cogputer controlling the expecizeat. This arrangezent
signtfteantly teduced the level of urvanted iatesfer~
ring sizcals,

The prode cutput stgnals praportisnal 2o the SAR
values at varteus locations {n the =odel, are stored tn
the digital foraat in te cotputec zezory together with
the correspording coordinates of the prode posizions.
At the pretest tize the SAR values ace usually plotted
a3 3 function of probe coordinates and are easy to read
acd tnterpret.

be used as phantoms zatecrfsls. The perasttivities of
different phantoa asterisls were zonltored using an
autosatic seasurezent system with an uncertainty teiter
than J)3.  Raecently, f{aproved tissue equivaleat aate=
tials have been developed [8]. They are characterized
by varlable viscosity and significantly increased shelf
lite.

PERFORMANCE EVALUATION

The perforzance of the vhole systes vas evaluated
by seasuring the distriducions of the eleccric flald ia
lossy sphetes and infinite lossy cylinders at 350, RO
and 2630 Miz. The results wvere coapared with theocry
and used for caltbracfon of che iaplantadle jroves

(¢).

The sua of three voltages (V,) detected by the
diode~loaded dipoles in the poles {3 relaced to the

square of tho total .lectric ffeld {ntansity lt:lz by
the folloving exprevsioa:

vr et

vhere B {s the sensicivity of the prode in the tissue
phantoa zaterfal.

The sensttivity of each prode vas detersined foc¢
tach 20del froa the following expression:

N
2. L0 ed®,
RXIIRH

vhere (\‘r)1 i3 che fotal voltage at the probe detector
diodes (2 sua of the three voltages of the three 2f-
poles), eaasured at an experizental polnt {, (I!riz)‘h

the theoretical value of che interznal electric fleld
{ntensity fa the sase poiat, and N {s the nusder of
polats. The final value of the sencitivity vis arcived
at by an {terative process, la vhich only an unpeciucde
ed part of the distridution was fmcluded, fie., that
part [for which the relative Jifference between cthe
theoretical and experizental values Jas less tnan 103,

Thete are several ssurces of erracs {1 the systea
that aay affect the accuracy of experizental resulss.
Soza of the errors zan ha liatted to neglizidly s=all
through proper acraangezvats and care. These Include
ceflections froa the walls and the scanning systea. In
this wvork they hive Seen elisfaazed by placing the
Jhole systen In an anecnotc gnazber aand covertn3 the
fraze of the scanning systea with 4dsording tiles. The
dent electric fle.d Nas 2o be vel.-delined ia terss
of ifs szpiizode and clrectlon. Tre field lateaslsy in
our tests was ceterzined froz tre aateana Jitn calidrae
tiza aad seasurezents of ine inpul paver o the aiten=
Ade The uncertainty in tae intensity vis esiizated at
Tved &3, Tre dlirzection (alignzent; of Iie antenrs «iin
tedpect O the probe wis arranged Jithalz :l',  The
inzensicy of tre field eas aivays <d)usted $3 that ne
protes cperated fa the linear region.
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The mala accuracy lims{tations Ia this experiment
ate due to the prodes themselves, ndmely to the cross=~
soupling of the dipoles, lack of & petfectly fsotroplic
cesponse (due to 3331l differences between the three
1pole~diode assewblles), reenant pick=up bv their high
resistance lesds and the fleld perturdation by the
ieads,

c, o8

0.07
o.08 X

o.ost" f'

C. Qs

SAR ¢ W/kg >

Q.03 .

Q.02

0. 01

c.ce
=8 =8 =4 =2 0 2 a ]

-
CISTANCE ALONG THE 2=-AX!S
< am )

13+ ) Comparison of the calculated and seasuted SAR
distridution along the z-axis of an average=
tissue=phantons sphera; solid line {ndicates the
caleulated v_u_l_un. X X eeasyred values vith the
EIT prode, 3 S seasured values with the Holaday
prode; ¢ o 38,9, g o 1.04 S/a, { * I% Miz,
Incident Pover Dansity « ) :Ulcnz, Dlizeter =
16 ca, Dlageter/), = 0.19, Seasitivity 3 =
3:120,3 401(¥¥/a%) for the TIT prove and
1222,9/(V¢/3¢) for the Holaday probe: the ver
tical bars shov the estisated uacertainty of
acasureaents; the doudble arrov {ndicstes the
rection of {ncidence of the vave and the

single arvov shovs the poiat where the probe is
fatroduced fnto the ghancoa,

As aa {llusteation a cooparison of the theoretical
4 experizental results for a lé~ca dlaceter spaere at
O Miz is shown fa Fig. 3. The probe s iatroduced
32 the positive 2z direct{oa, vhile the vave s {aci=
1t {ro3 the negative z dicection. A very good agree-
At 13 evideat or & s3alledfsseter probe (ZIT), 9
+v Tor a lazge glaoeter prode (Yoladay, 19 =) siz-
ticant Jdeviactons occur at ¢ne end of the distance
snned.  The differerces datveen the theory and exper~
*nt close to the pofnt of the probe eattance {s sost
sely caused by farzatlon of a necx througn whicn the
sz 2aterial s floving cutsize the mold.
The expertaents were also perforzed ustaz a full=-
~ale p~antoa zodel of the Muzin Sody at )E) Miz, The
- :;l:sra:x.i discussion are preteated fa a cozpanion
~er [31.

#2

CONCLUSIONS

The expericents vith siople geonetrical bodies as
well as vith the full-scale zhanten model of the husan
body {ndicate, that the {splantadle electric field
probes conbiaed vith s computer=based scanning systes
constitute a poverful research tool {n experizental
doslaetry, Spatial resolution of a fraction of 3 oile-
liaeter and the uncertainty of the electric fleld f{a=
tensity of :1 48 obtafned are (ully sacisfactory foc

the majority of electrosagnetic dostmetcry applica=
tions.
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Abatract
A coaputer controlled scansning systea and
{oplantable triaxial electric fleld prodes were used
to obtain zaps of the specific absorption rate (SAR)
in various cross-sections of a fullescale
eiectrically-equivalent zodel of can., The data wvas
cbtained for exposures in the fir-field, and the
near-field of a resonant 3lot at 350 MH:. The results
wers found (n a2 general agreedent vith previously
pudlisned thecretical estimations of the average SAR
and  experizental results for scaled down codels.
However, asignificant quantitative <ifferences were
observed DbBetveen ne theory and experizent in the

spatial distritution of the SAR,

Introduction

Knovlecge of the spatial datstridution of the

specific adsorpticn rate {SAR) is essential o
quantily Ddlological effects of radio frequency
radiation (8F) and to extrapolate the results of

experizents vith anizals for evaluation of a potential

card ¢o huzans. The SAR 13 defined as the rate at
woich &F energy &3 iaparted inte a unit =ass of the
exposed dody,

Censtceradle amount of data oa the spectfic
adbsorpticn rate have previcusly Seen obtalaed dy
theoretical analyses {1-3], and experizents with
scaled <¢swn =zodels 3], However, ocaly relatively
aiuple mocels rave been trested theoretically, and
while the whole=dody average SAN can te cslculates for
various expasure conditions in the [far«fisld of
radistion sources, the spatial distriduticn of the AR
ras only Seen caleulated for relatively large voluaes,
Tre calculatises have taen perforzed for the 3o called
olock zodel of zan {5 ) In shis model the husan Sody
13 diviced iato cutical calls of various voluzes.
Eecsuse of the sysretey of the husan Body, only half
of 1% &3 analyzed, 3¢ nalf of the read is divided lnto
about 170 cells (6] ard the rezaining parts of the
body are also diviled {ato 170 cells {$). The
taitations ef such analyais are ajparent in viev of
cezplerity of the human anatesy.

The SAR distritution Ras also been deterained
experizentally by the ther=cgriphic tashnique (=.1].
In this tecrnique 3 scaled down nocel of the bcdy is
expoaed for 2 few seccnss o hign pover RF raatatiza,
wrose frejuondy &S scaled rroportionally to the =cdel
afze. Irmediately after the exposure theraczrapnic
s7ans of selested =olel surfaces are 3xzea. rea the
zeasured tespvrature profiles, t-e SAR cistriduticn &3
caleulats &, Tme =ala limiratiens of tnis earnigue
are cue 0 difffculsies in inscroorating anatszical
and electrical differences of .arious issues ang
organs of the body, and a need for nigh power of the
raglation seurce. The jast liattatiza $s sartisulaely
serious wuen near-flell exposures ary ccasidered.

The aforezentioned reascas have led us inte
develozzent of a zeasurezent setrod and a systea {3,
shich ary 3jadle ef proviziag accurate c3ps of he
SAR tn fullescale <=odels of the numan 2037, The
socels can 23ce %D resesdia ine nusan dody closels
both anatemically anc elestrically, ard a 3003 spasial
resoluticn can be sdtained.

In this pager we present the results of our
aeasurenents for an electricallye-nczogenecus accel of
Tan exposed 0 a plane-vave at 150 Mz fn variocus
polartzations, and exposed in the near field of a
resonant slot. The f{requency of 350 'Hz /a3 selected
because of previously reported !ncressed adsorpiica
and highly noneuniforz SAR distritution in the head
{6}, The rescnant slot i3 a good representatica of
practical exposure situations resulsing froz leaxy
tranaatster cablnets or other hardvare.

Experizental Systea and Metheds

A description of the sxperizental systea is given
tn a cespanion paper (3 )

Tar-fleld exposure was created By placing a
rescnant slot at a sufflclently large ¢lstince fraa
the surfice of the =meodel. A correcticn for
spheroldal wvave-front was tincorporated into the daza
processtng  pregran.  Three polarizations of ]
incident field vere investigated, nasely, the elecipric
{ield vector parallel to the long body axis, calles
the £ polartzation (E![L), the ssgnetlc vector
parallel to the long body axis, called the H
polarization (H §iL), an3 "the propagaticn vectar
parallel to the long edy axis, propagation fres
Redd-tostae, called the X polacization (k; L),

Hear=field exposurs was created by slasing She
resonant slot 3 c3 away frez the boey surface. She
electric field was parallel to sie long body axis.

The electrical properties of the zaterial filileg
tne 20l¢l of the huzan body were equal to the average
tissue proper:ies e.3. dielectric constant ' s
33 ang the condustivity = s 0.5 S/=.

An feplantadle triaxial elestric field prode, 1T
sodel 979, wnich was previously calidrated ES). (TR Y
sensitivity in the tissue =aterfal of 2.1 W/{W/a)®,
with 2a estinanes uncertainty of =t ¢3, Tre cinlzua
Seasuradle field {atenstsy was 1,3 Ve (SAR ¢ 1.8
zd/kg) for a signal to nolse ratfo of 10, and an
aaplifier dandwicth of 1 Ha,

Exposure in the Far-Fleld

The apecific adsorption rate (SAR} in
cross=sections of the huzan dody far %
polarization §s stewn in Figure 1. The cross-seesicrs
include tme body centre (2 3z 10 oz} anz o Sther
planes S 2 off-centre, 3ach data potnt &3 an average
¢f at lesst five serarate xeas.rezents jerferzel a:
various incident jcuer levels or ca different Zays. A
nhigaly non-unifers 2issrituticn of the SAR caa e

For instanse, in the centre eross-sect! L]
SAR ralies range_froz 3.5 20 112 =d/kg for an in 13
peuer of 1 d/en®,

For the £

ten siatlary ren-unifors
aistrituticn o tne zaxizuz SAR l¢cates in
the neck (93 In.s is Lllastrates in
SAR aiong tne us S0ds axis at ne
crcss-zeaticn of tme 3¢d7.  Tres
qezpared @ith the axzerizeata.
literature for scages dovn 3sdels a% =5C
Deapite the <¢ifference in the exposurs frej.ent
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Jata s in good agreezent. The maxizua SAR in the 400, R K

Seck {n the center plane 1s approxizately 0 aW/kg - A

(Flgure 2) as cospared with 120 cW/kg zeasured at 350 L3 v ¥

‘Hz (7). Sistlarly, {n the lega the zaxiauz SARs are H X

- 710 24/kg and 147 wiskg in our reasurezents at 350 iz -

and at 430 Mz {7), respectively. k

_§u. A 3¢0. N\ E‘

» - \

o - 8& Y +

- [ @ E ok

i 5 N

] .

il » 7:
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2 fgure 1. The distribution of the SAR (aW/kg) in a X

e m;snooua 20del of =an exposed to a plane wave of ) . R N

< i/¢a® at 350 Mz, the H polarization. Q. t t t ' .

L] o

) L7 ; 000 200 40O 6.00 8.00 10.C ¥
3 N $ +

a POSITICN ALGNG Z-AXIS (ca) b-

g Filgure 3, The specific adaorption rate (SAR) in the [

) 1,50 neck vs, the position along z,axis (the direction of A

] ) propagation), 350 Mz, 1 aW/e2®, tne £ polarizatien; ¢ H

3] on the axis, o § ¢a off the akis, <

3 L% %

3 . slatlar to that for the E jolarication. In genersl, s

IR - at 350 MMz there are many statlarities tetveen  the 3

; Lo data for the tuo polarizations. +his 43 {llustrated L;

5 L P, in Figure 5, which shous the changes in the sean SiR %

? N\ along the axis of the vodel for the £ and H ¥

= A polarization, The zean SAR i3 caleulated at eaczh 3

3 o point 23 an average value in the norizontal tissue N

3 layer. The cala difference i3 a sigallicant inerease N

£ of the SAR in the neck for the [ polarization. o

&= L7 :

A J

. oz L9 ;

~ .

2 0.0 + — .25 3

Yy L 18 100, 1000, 3

Y SAR [a¢/ng/aVen=2) < 9

O Jure 2. The spectifis adssroticn rate (SAR) in the § .0 o

) iter Body cressesesticn (2 10 ¢3) along the two H o

lected axis, JSO Miz, 1 a¥W/ea®, the E polartsaticn. - A .

] ;

The distrilution of the SAR at 250 Miz s E .

»ticularly ec=plex in the rneck region as shewn in 4

nre 3. Tre raxizun oceurs on the axis of symmesey, (R3] L

3 {s shifted away frez the pline of thre save I

ii¢erce. At points off the axis of symsetry the SAR A

*reases with the distance fres the aslane of wave &

% 2 &

“2dence. X

v

Tre distritution aleng tuo selested axts in the )ﬂ Q

Ater cross-section of the body for the Y e + — F

-irizaticn (the Tagnetic field rarallel to the ling 1. 10. 162, 1220, 4

<3 of the ody) s shewn in Figure 3. In thls case e " Y

ire i3 2 faxi=.m in the resx regicn, dut s - AR (a¢/mg/nec=2] }

mitude &3 2231, A =uch Zore prorounces maxizun of Fisure 3. Tne specifis 1dserpiion rate (SAR) {n ne v

+ SRR 13 fa the amee regicn, fts magmitude fs  S€Aler d0ds crozesecticn (z 1 10 cz) aleng tJo axts, e

350 Mz, 1 zd/ezt, tne H polartzatica. Iy
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Otstance from wop of head, x Ccml _‘ -
.25 Figure 6. The specific adsorption rate (SaR) aleng 1 >
the center axis of the tody, 350 Mz, 1 zW/ea®, the k 1. g
polarization, I
o ' :; {-"3
o
L 1% 100. 10ce for the head and the whole-bedy, a3 cozpared with g b
SAR {n¥/kg/nica2) caleulated values of 163 =W/kg and 38,5 3W/4g, X7
Figure 5. The specific absorption rate (SAR) averaged  fespectively, | 5
cver horizontal layers of she dody, conpariaor Setueen [ LY
the £,(S{{L) and the B (H|IL) pelzilzati~e, 330 Miz, 1 Significant differences have Seen found in the I =
si/ea’, SAR distridutions. She teat ifllustration 1s presented i -
: in Figure 7. This s a typleal cocparisen fr the ‘! 4,'.,‘
. ay? . »

e The whole dody avarage SARs for the %wo ;";:::::f:h::‘ ::".,’5"7““: s“é:“ﬁ_ ::”::;a:a::; X i:;:t
g polarizations are falrly close, >yt  significant :ocreast;mponontllf&v atshin the first § ¢3 o =ore. PNy
: differences occur detueen the Tate of wnergy T e e i)
3 adsorpticn 1n varicus ody »arts, €.3. headeneck, or M
% arzs,  Tre data on the sversge SAR ¢n varfcus dody .

. parts is suz=arized in Tadle 1, 1000,

1 3ody Part SAR (=%/kg) «

e

X EllL it . ’

o ;

- dead 4 aeck 9.3 1.2 )

»% Upper toraso 1.2 8.3 10,

. Lover torse 17.0 3 o g B o

Aras 16.0 £3.9 “ .
Legs $5.5 56.9 % .
2 ! :; ——.————‘ * .
Wnole Sady %0,0 37.0 ' In ; .
Y -
TABLE 1. Average specific atsorpticn ratas in varfous «é . !
parts of a fullescale =02el of 3sn exposed to 2 g 10 . .
plane-qave of 1t =W/c2? 3¢ 320 M:. ’ ’ *
.
For wave prepagation froa headsto-tde, {0 the 20 . * e
callez % golarizaticn, the SAR cecreases with tne o N
distance 3eay {res dhe plane of inzidencs, dut asjain a H i
s=3l) fncrease, of 3 lower =agnitucde oceurs, in tre R N }
cecs resion (Figure £).  In thatas case tde =aximus is ! H H
relatively droad. 1 t + = T
Compariscn with Theorv 0.0 s 8.0 10 1.0 20
Peeition gleng 2ecxis (el

Theorstical analysis ras previously deen

~' perforzed using the Red of mczents 5 solve the Figure 1. Ccaparison of the specilic adserse

A tensor integeil ejuatica fessribing the f.oslds inside (SA%) ta tne erso (1°7 e= frea

i » homog (e inneIog ) 5084 Solel of man direstita of .ave propazasicn

,n £5,5]. A ralf of wne oy, <mien i3 lfistent € at the =otel wall sacen By

3 analyze. Secause of e o3y syztetry, Ras Seen 19.5 ¢3, 2r3 prezajates in tte neg esticn.

Ltvided tnts 340 ceils, R 173 ef thea tin = The points sntw e zeasurel 2ata, e2 Jite
head-neck re3ica. The foepariscn 2an saly e done for 2locks 3nce the ca.cL.3ted ata, f ¢ 330 , e I '
tne £ opolarizaticn. The average SAR i tne el ane slant 1iae 9m0.3 tae leaat
for the wnole ody as <edsured 5y ud are very close o sqaare«it a0 exper Tenlad. FR.03 (ICre Po.nts
those caleslated, 102 =a/<3 and W02 =ndsk3 ceasured are used for the f1it than 3Msen i1 the fiz.re,. '
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This a3 been our consistent finding for doth the &
and H polarizations. In aZout 8§ c3 feca the surface
upon which the wave 13 incident the SAR decreases more
than 30 times (e.g. in Figure 7 it decreases from
agproximately 200 to 7 aW/kg). However, the theory
predicts a gifferent Ddenhaviour with co=paradble SARs
within the first aad second cell layer (2 2 13 = 19.5
ez, 3ad 2 ® 5.5 « 13 ¢a) froa the pline of incidence,
respectively, It 13 apparent, that the averages of
the experizental data for the correspoending layers
would be 3fgniffcantly differeat, even in the first
layer (notice the logarithnic acale).

The ©ost likely reason for the obaerved
aifferences 13 a relatively small nuster of cells
vithin the torso of the block zodel. In particular,

e are only two to three layers of cells in the
block model. The cell afze is cosparadle with the
wavelength in the tlasue =aterlal. The differsnces !{n
the geometrical shape of the aodels uay also
contribute %o the differences in the SAR spatisl
glatridution,

Exposure in the Neir-Field

The diatridution of the SAR along two axis of the
bedy expesed to 3 near-field of a resonmant slot at 350
¥z {3 shown in Figure 8. <The SAX values lers are
asveraged within the ody alices fn the direction of
he vave propagation. It {3 evident that the =axious
SAR oscurs on the axis of the 3slot, Furthersore, the
zaxisua {3 bdroad in Both directions, e¢.3. the SAR on
the body axis {A-A) s the same a3 10 ¢3 off the axis
(3+8). A small trerease of the SAR {n tha neck reglon
13 viatdle, Byt the SAR value 13 adout five tiaes
Selow that ¢n the slot axia.

Figure 9 shows the varfations of the SAR along
the direction of propagaticn on the axis of the slot.
It can e noticed that atatlarly to the far-fleld
exposura, the  SAR  decreases exponentlally witn

175 ‘ +

HEICHT (cmd

B
[ t + + -
ol .0 0.0 tec icca0
SAR (at/kg/)
Figure 3, The spezific adsornticn rate (SAR) averaged
1l0%5 tne direstion af wvave protssaticn {n varicis
3 c¢n two selected bdedy axis. Exposure % a
ant slot at 360 Moz, 1 W gaput power, the I
solarization, the 3lot plaged § c¢u frez tha body
sucface, 37 ¢a frez the model D3se {dot2on of feet).

1000.0
MAX, 203 -
100.0
- MEAN 218 4
2
% 10. WHOLE = BODY 6.7
%
L
1.0 SAR Avan(-02)
£+205253.7(330)
0 0+0,432003380)
¢ 00930
]
[+ + % t +

60 40 &0 120 160 20
POSITICN ALCNG Z-AXIS (ca)

Figire 9. The 3pecific absorption rate (SAR) along
the direction of wvave propagation in the torso on the
axis of a resonant alot, 150 Miz, t W input pover.
The polats show the zeasured values and the line ts
the least-square fit.

distance from the surface at whtch the wvave 1s
tacident, It has teen found that the attenuation
coeffictents are equal (within the zeasureaent error)
for tha two cases (near and fap fleld exposures), and
very close to the attenuation coefficient calculated
for & planar nodel with the electrical properties of
the tissue phantos caterisl.

The wholeetody aversge SAR resulting froa
exposure to 3 resocnant siot 3 ea avay freén the %arso
13 §.7 2W/kg for 1 W of the 1aput jover to the T,
¥hen this 13 cospared with the Zar-field exzosure, cne
can evaluate that adout 6 ¥ of tns {nput power %o ol
slot are an equivalent of 1 x¥/¢a® for the farefield

[
in terzs of the wholestody average SAR (see Tadle 1),
A coaparisen of the SAN on the surface of tre torsd
(Figures T and 9) indicates hat ¢a the axis of Sre
slot 1t s 205 =W/kg (Figure 9) for 1 ¥ of the input
povar IEG in the far-field asproxizately 200 aW/kg for
t 2W/¢a® of the tnotdent goeer censity.

Cerelusters

The spatial distridution of the SAR la a
fulle3cale nhezczenecys =ocel of =an at 150 13
highly aons-unifers [for all three polarizasicns
{nvestigazed, The SAR typically varies over at least
three crders of =agnitude. Large sraslents of tre SAR
occlr aleng the girection of prapagaticn, and in the
torso the decrsase in SAR with e qlstance Irea ine
surface upon wnich the wvave U3 incicent is
exponential.

.

The spatial ztstribution of the SAR is
parsicularly cozplex in the headeneck reglien, with @
saxicus inside the aeck for tne T polarizaticn,

The theoreiical aralysis of a Slack =odel of zan
ravirg 350 cells [£,71 coes aot jprovice reliidle
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information on the spatial distribution of the SAR at
350 iz,

For a resonant slot radlator at 350 18z, which
represents typical exposure {ros a lesky transaitter
cadbinet, %he SAX 13 highly noneyniform J4ith the
saxieua on the alot axis, Tha SAN along the slot axis
decreases exponentially with distance f{roa the bdody
surface, shea the slot {3 positicned close to the
torsd.
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Implantable Electric-Field Probes—Some
Performance Characteristics

MARIA A. STUCHLY, SENIOR MEMB

ER, 1EEE, ANDRZEJ KRASZEWSKI,

AND STANISLAW S, STUCHLY, SENIOR MEMBER, IEEE

Ah. Py " 2etl

of three Implantable triaxial
field probes for messuring Intensities of the Enternal electric fields in
blological tiswes at radio frequencies ase given, The sensitivity in ak
between 100 MHz and 3 Gilz, and In phantom materials at 350, 915,
and 2450 MHz, are given (ot the Holaday model IMEQL, EIT model
979, and Nards model 2608 implantable probes, a3 well 33 theiz nolse
and modulstion characteristics,

INTRODUCTION

MPLANTABLE f{icld probes for measuring intensities of the

internal electric fields in biological tissues at radio frequen.
cies have been analyzed extensively [1}-[6]. Single- and
triple-axis (isoteopic) probes have been designed and are availe
able commercially. These probes are used to measure the in.
tensities of the electric field in live animals and in models of
blological bodies {7], (8].

The performance of the probes, In terms of their input im.
pedance and the electric field response as functions of the di-
electric properties of the medium, has been analyzed (2). The
ertors In the probe response resulting from the proximity of a

Manuscript received August 29, 1983; revised March §, 1984, This
work was supported fn patt by the U.S, Office of Naval Research and
by the Department of Health and Welfaze, Canada,

M. A, Stuchly is with the Deputment of Electrical Engneenng,
University of Ottawa, Ottawa, Ont., Canada KIN 6NS, and the Radi
aton Protection Buteaw, Department of Health and Welfare, Ottawa,
Oat., Cansda K1A OL2.

A, Ktaszewskl and S, S. Stuchly are with the Department of Elec.
g}ngl Enpincenng, Unversity of Ottawa, Ottawa, Ont., Canada KIN

material interface (3], and from ditect coupling of the inci-

dent fleld to the lossy transmission line conductors, have also,
been evaluated (4], The limitations imposed on the measure.

ment of amplitude-modulated signals by the resistive line and

the shunt capacitance of the diode, acting as a low-pass filter,

have been examined theoretically (4],

The essential operating parameters of implantable - probes
are the directional response, dynamic range, sensitivity, noise
voltage, response to modulated fields, field perturbation, and
spatlal response. Some of these parameters were previously
determined for experimental single. and triple-axis probes
[$]+ {6] and for a commercial single-axis probe {9]. In this
paper, the sensitivity, noise, and modulation characteristics of
three commercially available implantable isotropic triaxial
probes are given. Information on the modulation and noise
characteristics is essential for the selection of the modulation
frequency in an experimental dosimetry system designed to
measure the internal electric field in various models of bio.
logical bodies [10].

EXPERIMENTAL MATERIALS AND METHODS
Description of the Probes

Three commercially available triaxial electric field probes,
namely, 3 Holaday IME-01, an EIT 979, and a Narda 2608,
were tested. The dimensions of the probes and the dipole con-
figurations are given in Table L. The length of the dipolesand
models of the detector diodes are not avadable, A genera)
descnption of implantable electric-field probes is presented
in a recent review paper {11].

0018-9294/84/0700-0526501,00 © 1984 IEEE
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STUCHLY etal: IMPLANTABLE ELECTRIC-FIELD PROBES

TABLE |
Dimenciuns of The Proses AND Dirore CONPIGURATIONS

Effective

Prode Dismetec® Dipols
Modsl ‘ (mm) Configunation®
Nazda 2608 3 a
EIT 979 9 1
Holsday IMEQ1 17 a

#Reders to the sensing tip of the probe with encapsulation.
Refers to the configuration of the dipoles {11]. The overall length
of the probes is approximately 30 em.

Prave 8 matd)
oo

Pgdmp Trwg AU

et ) L0gsen Amg
Sancn w0 kn pnaenc 3970 Yo

- T
LF Conerater
GaINe

Fig. 1. Experimental mwement'(o: nolse voltags determination.

Nolse Characteristics

The noise voltage was measured in the experimental arrange.
ment shown In Fig. 1.' The measurements were performed
for the Input of the amplifier (Pre-Amp) short circuited for a
1.MQQ resistor at the input and for three diodes of each of the
probes. All the data were obtained for two bandwidth settings
of the lock-in amplifier, namely, the effective noise bandwidth
of 0.5 and 5.0 Hz. The test probe was placed in a metal tube
to limit interference by stray electromagnetic flelds.

The nolse spectral density (in uV//HZ) was calculated asa
ratlo of the rms voltage to the bandwidth,

Modulation Characteristics

The modulation characteristics were determined in the ex.
perimental arrangement shown in Fig. 2 for the EIT and Narda
probes, and In that shown in Fig. 3 for the Holaday probe. In
both cases, an electric field of known Intensity was produced
in the exposure cell. A low-frequency signal was applied to
the radio frequency source as 3 modulation signal and as a
teference signal to the lock-in amplifer. The input impedance
of the preamplifier was 10 M with a shunt capacitance of
15 pF. The amplitude of the modulation signal was adjusted
to obtaln 100 percent modulation, and the modulation fre.
quency was varied point-by-point from 0 to 6 kHz. The out.
put voltages (rms values) from all three dipole diodes were
measured and their sums calculated, These sums wete tsken
as measures of the square of the electric-field intensities. The
m nts were repeated at three fleld intensities, jow
enough to ensure operation in the squaredaw range of the
probe diodes; very little data variability was experienced.

Sensitivity and Linearity

. The probe’s sensitivity was determined in air at ten fre-
quencies In 2 range from 100 MHz to 3 GHz, and in the tis.

x

YThe Holidsy IMEO1 piobe was used wathout its standard
preamplifiers.

$37°

aany e M e
at (anite . L4V
=
Usarn Wik 3 wn
-
BRI -
e Wy
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G L sy
- 3 O W T e
T

Fig. 2. Exper J g for ¢ inatfon of the sensithity
in alr and modulstion ch istics at frequencics above 1000 MHz,
Wt o e #
Power Ugtes
Tree AUS ap 4384
YR i
f . . [
l—-—-' 3931
Sevien
e Am
) e I I X l
/
o N
Fig. 3. Experimental arrangement for determination of the sensitivity
1n ait and modulation ch istics at frequencies 100-1000 Mz,

sue phantom materials at selected frequencics of 350, 915,
and 2450 MHz, The sensitivity in air was determined by com.
paring che sum of voltages (rms values) from the three probe
diodes to the known intensity of the electric field. Standard
exposure electric fields were established in the TEM cell (Fig.
3) and in standard waveguides (WR 283 and WR 340) (Fig.
2). The TEM cell had dimensions 22.5 X 15 cm and a chatac.
tenstic Impedance of 50 Q. All the sensitivity measutements
were performed without amplitude modulation and with
560-Hz amplitude modulation.

Typically, the sensitivity in air was determined at vanious
electric.fleld intensities ranging from 10 to 200 V/m (rms).
Least-square analysis and curve fitting were then performed.

To determine the probe sensitivity in the tissue phantom
material, a planar model, consisting of a slab of tissue-equiva.
lent material having a permittivity as shown in Table If, of 2
cross section 0.5 X 0.5 mand a thickness of 10 cm, contained
in a Styrofoam box, was used. The model was exposed to 2
plane wave of a known power density whose electric-ficld vec.
tor was parallel to the model interface. The electuc-field
intensity was measured with the test probe moving outside
and inside the phantom material along the direction of the
wave incidence, The field intensity at the air-phantom ma-
terial interface was extrapolated from the measured points
in fres space and in the phantom. The clectnic-field intensity
at the air-phantom interface also can be calculated from the
measured incident field (without the model) as

—2
& T o

& el e

03 Bt i O A I AL FL G OO

LA §5 PN S

v

f it g

o]

e,
AR

%}

¥




F.

LY e e

alals

v
LA

T, 5%,

eSalelslels,

2

27

Za i,

RO |

R

&
Pt i

M-

A
:

b

[ M
o,

$28 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. BME-31, NO. 7, JULY 1984
TABLE Il 3 .
THe PEaMizrivity of THE Priastos Materiay Usto ix
SENSITIVITY. MEASUREMENTS o \
Frequency (MHz)  Dielectric Constant  Conductivity (S/m) v s :..T
Te.. ) "
350 53 L4 = T ] n
1S 52.5 &1 £ 00 S Orey
2450 “ 23 3® TR W5
- Iy 2y -;Z,.\ At
3 “ i A N
t « N
where Eq is the electric-field intensity at the interface, £; is 3 o :’ v : = = L P
the incident electric-field intensity, e’ is the relative dielectric  § RS P i \_\
constant, and ¢" is the loss factor of the phantom material H v \\
» A
(G = 0/&)!0). ) e v NI
The intensity of the electric field in the phantom material
was measured by the probe at a few points slong the ditection
of wave propagation and then extrapolated to the interface. oo ssatonbe e
L] L] 0 0o 2000 o

If the voltages measured by the probe at the interface are Uy
and Uy in the phantom material and air, respectively (see
Fig. 7), the probe enhancement factor can be defined as

K=aylay . )
where
Usg =ayE} ®
and
UA = d,(Es (4)

whaere Eq Is given by (1). The coefficients ay, and a4 are the
probe sensitivitiesin the phantom material and air, respectively,

This calibration technique is essentially identical to that
described previously by Hill (9],

EXPERIMENTAL RESULTS
Nolse and Modulation Characteristics

The noise spectral density as a function of frequency for the
three probes and short circuit is shown in Fig. 4, To obtain
the total noise voltage, the noise for a given probe should be
added to that of the shont circuit (the short circuit noise was
subtracted from the data shown in Fig. 4 to facilitate clear
graphical presentation). The line-frequency (60 Hz) contrl
butions, particularly the odd harmonics, are sigmficant, and
these frequencies should be avoided in selecting the modula.
tion frequency. The noise voltage decreases with frequency

. Particularly fast at frequencies above 1000 Ha.

Fig. 5 shows the relative probe sensitivity as a function of
the modulation frequency for an amplitude-modulated elec.
tric field. This chatacteristic does not depend on the careier
radio frequency and is practically identical for any probe of
the same model. The sensitivity changes little with the mod-
ulation frequency up to about 200 Hz, and decreases to about
0.1 at approximately § kHz for the EIT and Holaday probes
and at 2 kHz for the Narda probe.

The modulation frequency resp of the implantable elec.
tric-field probes is determined by the resistance of the leads
and the shunt capacitance of the diode, as well as the shunt
input capacitance of the amplifier {11}, The modulation
characteristics of the three probes presented in Fig. § seem
quite simular, susgesung that the rolloff frequency is, in
¢each case, determined by the input amphifier rather than the

£
Fraauency M|
Fig. 4, Noise spectral density as a function of frequency for three
probes. The fine-dashed line indicates the voltage at 3 powerline
frequency of 60 Hz and fts hazrmonics measured with system short.
circuited; these values should be 3dded to the values indicated for
the thres probes.

4 \-“__. oy

v—

T AL Y 5 T
0N 0 WO X0 0 KL N 0Dt
ODUA A HOR PEOVENGY Sog
Fig. §. Modulation ch t relative sensitivity as a function of

amplitude modulation frequency.

properties of the probe itself. Since the electrical parameters
of the high.resistance leads and the shunt capacitance of the
diode are not available, this point cannot be fully clanfied.

The data dn the noise voltage (Fig. 4) and the modulation
sensitivity can be used to select the optimum modulation fre.”
quency which offers a maximum signalto-nosse ratio.- For
all three probes, the optimum modulation frequency® liss
between 400 and 800 Hz (excluding the power-line frequency
harmonics). At these modulation frequencies, the signal-to.
noise ratio is at least 10 dB higher (when the amphfier band.
width is | Hz) than for an unmodulated RF signal.®

Further ad ge of using smphitude-niodulated radio fre.
quency exposure fields in experimental dosimetry results
from use of selective ac rather than dc amplifiers at the out-

3This may tefer to the specific instrumentation system used (input
pr;amphner).
The d¢ senutty of the probe wis esumated by extrapolating the
ac data at very fow frequencies to de, which scems to be the worst
case, A d¢-300 kHz preamplifier was used in both cases.
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t" put of the probe, Not only can higher gains be realized, but © it Lt
"% troublesome zero offscts are eliminated (12]. o : s, MOMOAY -
ot 2 * = g
Sensitivity in Air .
Fig. 6 shows the probe sensitivity in air In gVpm,, normals . éo- » 3
R ized to 1 (V/m)?, as a function of frequency for a CW electric 3 e :
% field. The points are the averages of three to five measure. 54 Tt o
I ments performed for various exposure fields ranging from 50 EIET ade bl L
; to 200 V/m (rms). Performance of the Narda probe below R -
200 MHz was found unsatisfactory due to the voltage induced 3 24 A -
in the high-tesistance leads. s
i The sensitivity in air was measured in two different arrange. ' o 3
ments without an overlap. A significant and unexpected in. o8 Seggpawepeioane? NARDA I~
b, crease of the sensitivity above § GHz may appear to be caused ] o
B by an artifact in the experimental system. However, the sen. o T—TTTrTTTY T
:-*3 sitivities ut 915 MHz (in the TEM cell) are significantly higher ! R A Shio !
I than in the flat region (100-700 MHz). Also, the sensitivities fig, 6, Sensitivity of the probes ln uk ln Wi/ (VIm)? for CW radio
o at 2000 and 2450 MHz were determined in two different feeq
% waveguldes, WR 340 and WR 284, respectively, which would

indicate a trend rather than an artifact. w
_:' Sensitivity in Tissue Materials E'-‘
i Typleal data obtained in the process of the determination of " N \ ..
o) the enhancement factor or the sensitivity in the tissue phan. E H S-
" tom are shown In Fig. 7 for the Holaday probe at 350 MHz. § 3
R The points show the measured values and the lines the least. T v
f'.\‘.j square fits using equations describing the electric field of the § o ‘
st incident (short dash), reflected plus incident (long dash), and g . o
the transmitted (solid line) waves, respectively,® The electric. 31 o
) field intensity in air (the reilected plus the incident wave) £ § E ::,
. is described by the refationship (13] g,.. v
3 3 i
W EgmE[1+Detrle0) 7 3 B
ey S forn 2
= il ¢ ————— 1- W 11(:-:0) (5) - : E:
N NweEge g €wrs g,g ey ’_::
J ; X
\ where I' is the reflection coefficient, v is the propagation con. b -,;j
oy stant In als, 2 is the distance along the direction of propaga- LY ey X
. tion, and 2 is the distance from the interface. The distances » o ommtzn ) L (e
o are measured from the point where £y (the Intensity of the Fig. 7. An 1o of the exper ! dats obtated in the process 33
0y o o 14 &
incident field) is defined. The intensity of the electric field  * of measuring the: enhancement factor for the probe in the tissue b
" in the phantom material is equal to [13) phantom. Holaday IME-O1 probe 3t 350 MHz, The points show the ~ Ry
0 .t 2 ;nmué‘ed 1::!:1:.) The solid line sho\vs tdhe le;st ,s‘qwes fit (in _ll_ge . ..'-i
o ou, (2 oz ; o m ¢) to the-exp ata In the e HERY
IR Ep=Eqe Tels=50) = e £Teli=s0) ) lo&shed curve shows the fit of the curve descnbed by (5) to the HE
‘:‘g € experimental data in air. The short-dashed cune shows the least- ' !;_
™~ where 9, s the propagation in the ph m material :::uu::ugi’ g:n:};‘en )e'xpenmcnu] data for the incident field (without % -
8
Ye™ 20/ Veoko Ve e The enhancement factors and their standard deviations at E &=
The ratio of the extrapolated values of the squares of the 350, 915, and 2450 MHz are given in Table 1ll. These results : ::C:
electric-field intensities 1n the phantom matenal and air, i.e., were obtained in the far.field of half-wavelength dipoles placed Vo

Uy[Uy, is the enhancement factor. The sensitivity in phane
tom material can be calculated then as {see (2)<(4)]

am =Kaq.

Y}

in the anechoic chamber, The electnic field intensity at the
intetface was about 30 V/m (rms) at 350 and 915 MHz, and
about 40 V/m (tms) at 2.45 GHz. These values were himited

by the avadable power of the g s and the
l’"‘ distances requited to obtain the far.field exposure condition
Q"'} 4These values were calculated from the measured hmdenl power - q A * %
o} density and the calculated reflectisn coefficient at the The factor for the Narda probe 1s greater than A
{‘_4_:; material interface, .

for the remaining two probes, as this probe has its dipoles en-
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- TABLE il .
THe ENiiancEMenT FACTOR (AN INCREAE 1N SENUTIVITY) FOR
Pross I8 THE T1ssLE PiasTOM MATERIALL SHOWN ARE
TUE AVERAGE AND STANDARD Deviations (SD)

TABLE IV
Tt APPROXIMATE MINIMUM INTENSITIES (WITH THE SIGVAL-TO-NOISE
Ratio 10) of tHe Etectaic Fiern 1s Tissvr PHantOoM
MATERIAL MEeAsLRADLE FOR $00 Hz Mopttation anp I-He
BANDWIDTH AMPLIFIER

.

ro SRR ot "2 ot 300 3 WAL

Frequency 350 MHz 915 MHz 245GHz
Freq! 350 MHz 918 MHz . 248 GHz
3 Holaday IME-01 611028 2,241 0,04 - I o
h EIT 979 72208 256+ 0.07 1.56 1008  Holsday IME-01 0.25 Vim 0,45 V/m -
3" Narda 2608 99:08 6.10:0.31 $.22:0.19 EIT979 1.3V/m 2.1Vim - 1L.7V/m *
\ Nasda 2608 3.0V/m 38V.s 24Vim N
2 aend T F N i
P in a hxgh' ic ¢ materlal: 'However, The sensitivity of the probes in air changes telatively little
b for all the probes studied, the ¢n factor is frequency  gyer 3 wide range of frequencies (100 MHz-1 GHz), and gen. '
4 dcpcn:l‘er;t. and 'h°'°f°:°';h°h"3hb';"‘f" h";”:; P"f°"“l°d erally increases with frequency above 1 GHz. However, the )
kY at cach frequency at which the probe is used, An extrapold:  goniitivity fn the tissue phantom material depends on the {
¥ tlop for 'clgsely spaced frequencies is possible, as the sensis exposure frequency, and the probes have 1o be calibrated at '
’ ‘i“‘:’i“"“““‘ are gencrally small, a specific frequency of operation, The estimated lowest in. i
! Calibration of the implantable probes wn tissue phantom  yunepies of the electric fleld In the tissue phantom material
materials is subject to several factors affecting its accuracy.

that can be m d with nal-to-noise ratio of 10 usi
These factors include the uncertainty in the intensity of the : casured with a signal-to-noise ratio of 10 using

. h " a 1-Hz bandwidth amplifier and 500-Hz amplitude modutla-
. incident field, the reflections from the neatby objects resulting tlon are given In Table IV. The sensitivity can be improved
- in. s_t.mdmg waves, reflections from the Styrofoam b9x €O fyrther by using an amplifier with a narrower bandwidth.
- taining the phantom materfal, uncertainty in the dielectric
P properties of the phantom material, homogencity of the phan- ACKNOWLEDGMENT
‘ tom material, alignment of the incident electric fleld with Assistance provided by G. Hartsgrove and S. Symons of the
k] the phantom material interface, the uncertainty in measuring  University of Ottawa is gratefully acknowledged.
4 the probe output voltage, the perturbation by the probe, and
- the uncertainty in the probe positioning. Some of these fac- G R“’flmfzs . X
tors can be essly controlled, e.g.. the reflections from the (11 m'eg;‘s’;‘:g' :,"‘:’“R;xik’;‘{;',“‘,"|n£gf“g‘..:“;£'.:.“:.“’7‘;::'§"‘ ‘é.‘l‘::,"f;' g
p nearby objects have besn practically eliminated as can be seen magn, Compat., vol. EMC-17, pp. 206-211, 1975, E:
in Fig. 7 where the measured values in air very closely follow (2} g‘u% ";i';'{,’," ';Io\r C:‘r:‘mn &f:;:cc:iuﬂdyi shror! bye tm‘i lr\'t:-
i s ndio frequency electne e
the theoretical relationship, Similarly, the uﬂecﬂox_ts from fleld in blologleal systems, JEEE Trans, Blomed. Eng,, vol, BME- Y
the far surface of the model are very small. The dielectric 22, pp. 477483, 1975, 3
. propertics of the tissue phantom material were measured with (31 — “ﬁ: gtmc'fi;‘gm?‘g‘rna:" u:bm;:id‘all ?:;ﬁliflzgg >l
2 N >
< an uncertainty of less than 2 percent. Furthermore, they do ,?:,,f' Microwave ‘;7.“,; Tech, :ol. MTT-27, pp. 2’70-218. &i
ay not critically change the probe sensitivity, pasticularly for 1979, s
I insulated probes [2). The probes were positioned within £1 (4] —, “Asallvds of minlature electric-fleld probes with resistive \e
T mm. The main sources of error that remained were due to "M;".r“’z", ;;' f;‘%_lgfﬁg:‘;?" Mictowave Theory Tech., vol. -2
-j: the uncertainty of the incident electric field, the probe per- (s} H, Bassen, W, Herman, and R, Hoss, “EM probe with fiber optic N
< tutbation, and the uncertainty in the measured probe output. tlg,l;gleuv system.” Microwave J, vol. 20, pp. 35, 38, 39, 47, s ‘.\'.
bt : [N
This last factor includes the directional respanse of the probe, [6} H. Bassen, P, Herchensocder, A. Cheung. and S. Neuder, *Evalu- o
o Furthermore, when only limited power is available, the sensi. atlon of an Implantable electric-field probe within fimite simu- i
[} tivity of the probe only may be sufficient to obtain a few data 0 l;teg llcssuu;." lgaal«: s}:ﬁl vol.dl:l. ra:. 68, ;:&. 1525, 1977, . , E—;
b i i i i . B, e, D. A, Hill, and H. M. Assenheim, “Dostmetry for | k)
e points In the tissue material phantom. This limitation has 3 study of effects of 2.45<GHz microwaves on mouse testis,” %Y
. affected the sccuracy of measurements of the EIT and Narda Bivelectromagn.. oL 1, pp. 325-336, 1980, P %
¥ probes at 350 MHz (Table III). The worst case calibration (3] 'l'-m\’\:.1 Athey ;nd i:;n l;.ﬂ;v:;.:{n:. “Powet deposition hed. he;d \
- uncertainty was estimated to be within 10 percent (SD). The model £xposed o hand-hel tnscewvers,” presented at the 39
NN 4th Annu, M 3 X . "3
i, standard deviations in Table 111 show that the actual measure. CA, 1,:;:',“235:;} ‘;f",‘;;?_’"’“‘“ Soe. {Abstract), Los Angeles >"
W ment results are well within these limits, [8] D. A, Hill, “Waveguide technique for the calibsation of mint _P__:
= implantable electric-field probes for use in microwave-bioeffects W
. CoNCLUSIONS studies,” JEEE Trans, Microwave Theory Tech., vol. MTT-30, pp. e
" Three commercually available triaxial electric-field probes 0] 32-599.(;&9:3- M. Burskd, B. Tam. G. Hart ds.s oL
- . : : . S. y, M. Barski, B. Tam, G. sgrove, and S, Symons, >
hav.e been evaluated and calibrated for use in experimental “A computerbated scanrung system fot electromagnetic dosime & <.
".- dosimetry at frequencies of 350, 915, and 2450 MHz. On the ey, Rev. Sel Instr,, 1983, accepted for publication. ey
;_ basis of noise and amphtude modulation characteristics, we  [11] 1}2' L!E%;“:;.‘ ;ne G.S. iﬂ;ﬂh-“lﬁlmfﬂ 131:14 P";bﬁ;-,[; ;':‘;:;'" '-'-}
j tonal taunol . (] ntennas Propagat., Yol -31, pp. 710718, X | .
K concluded that the s_fgnal to-noise ratio increases compare‘d [12] S. S. Stuchly, M. Barskd, B. Tam, G, Hartsgrove, and 5. Symons. -
- to an unmodulated signal: about ten times when the radio “A comput d exp | system for ¢} neti
£+ frequency exposure field is amplitude modulated at frequen. &?;f::clg-; in ﬁo‘;-’ !lf;ls-;n;u- | fon{fo chﬁ.l Electron. Soc.
-~ . . , June 12-17, . Boulder, CO, p. 111,
= cles between about 400 and 800 Hz. The powerdine fre- (131 € 'p paul and S. A, Nasar, Jntrod LAY

quency and its harmonics should be avoided.
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MODEL OF MAN. < EXPERIMENTAL R’SULTS
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Spatial iistribution of the elactric fleld inside o
bodids. 2xposed to radiofraquéncy (RF) fields and the o

specific absorption rate (SAR} are famportant fictors {a
quantifying viological responses, A computera
controlled systea and implantadle triaxial zlectric
£iald proben ders uszed o oxpewinuntxlly determlne the
SAR distridution fnxide a full scale model -of 'man,  The
model having homogencous electrical properties was
exposad tn-a plane wave at 350 MHz with the elactric
fiald vector parallel to the dody axis, and with the
Wave propagat\on vector parallel to the body axis -
propagation frém héad to toe The SAR.was measured
with an estimated unvertnlqty af 2.1 dh, The
relladility and’ accuracy of our experimental method -Was

verified using simple poonetrieal bodies such 2 -2labds,
sphares and eylimlers, for which

T X
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Wl At

%
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AR

I

theoretical 3AR 8
distridutiong ares available, Our experimental data wag [
conpared with the values obtaincd nunarically for a ?ﬁ
b)ocx model of gan, and with the experimental values .
obtained thnrmog.nphteally at a5) Mz, | Significant D)
differencas in tha values of the local SAR-Wera noted ! %
between our data and the thaoratical values (block .

model) for both.polarizations in: »s‘igateu. A good
agreement With the thermographic chasalt

was obdserved,

RN
Teleres

Qur reanits clearly indiaate the significance of
odtainlng the SAR dxstrlbu>ion ina —ﬂl*abla nann?
under r2alistic conditions. Furthern: ore, zhe ae.hod
devaloped i3 also su!taa!e for measuring the SAR
d‘stributiﬂn ia anatenically realistle (bo1es. interaal
organs) modals under practically any axpasure
condis inns.,
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Exposure of Human Models in the Near and
Far Field—A Comparison

MARIA A. STUCHLY. stNIOR iy

R, 11 FE. ANDRZE] KRASZEWSKI,

AND STANISLAW 8. STUCHLY, SENIOR MFMBER, IEEE

Abstract—The specific absorption rute (SAR) was measurad in oser
620 locations 1 a (ullecale modet of man exposed in the far and near
ficld of antennas at 350 and 915 M1z, The wholeshody average, the
body.parts average, and the distributions of the SAR'S are compired
for three wave polarszations for the far and the near-hudd cyposures,
Effects on the energ) deposition of the antunna tpe, gain, and location
W the near tield are discused.

1. INTRODUCTION

10LOGICAL etlects und potential heaith hazards of

radio-frequency (RF) electromagnetic waves have been
the subject of continuing investigations sinee the Second
World War and ar times also a subject of controversies,
To quantify the exposure conditions and the resulting re-
sponses for vartous biological species. the specific absorp-
tion rate (SAR) v used The SAR is detined as the rate at
which RF energy 1~ imparted to the body [1]. v is well
recognized that both the whole-body average SAR. as well
as the spatal SAR distribution, are imporant parameters
affecting biologicat respanses (2],

In recent years there has been a widespread and grow-
myg use of portable and mobile RF devices, The user of
these devices is exposed to RF radiation in the near field
of the antenna, Howeser, recommendations on RF expo-
sure limits are based on the experimental data for the far-
tield exposures and are usually formulated in terms of the
far-ticld parameters [3], [4] Only general guidance re-
sarding the SAR is given for the near-ficld exposures |3].
41 Avarlable data on the distribution of the SAR in hu-
many or thair models exposed in the near field are very
limued [S] Most of the analytical and experimental data
reported deal with siunple models such as a slab {6} or a
spheroid {7]-19] A block model of man expesed to a di-
pole was alvo analyzed [10] Comparisons of our experi-
mental data to the caleulated SAR values are the subject
of separate publications in preparation A considerable
amount of data is available on average SAR*s for both the
tar- and near-riekd conditions [1). [12]

I this paper we compare our experi 1 cosults of
the SAR distribution m a futl-scale model of fan evposed

Manusenpr recained September (21934 revned Manh 7 1933 Ths
otk adasupported by the US Qliee «i Mavad Roseanh, the Departiient
ot Heaith and Weltare: Canadd wnd the Natuian Soenes srd | agibeaing
Research Counvil vt Canada

MOA Stuhly s with the Radiataon Protection Butcan  Dopastient o
Hoalth ond Wellare, Qttang, U Lanuda MA 012

A Kruszewshi und 8 8 Swichlt wie auh the Departowas o b katnal
tamnecnng Uninersity o Ottawa Ottawa Oat , Caowda RIN 6Ny,

i the ar and the near field at frequencies of 350 and 915
MH/ The whole-body average and the body-pan average
SAR's are also compared, using as a term of reference the
output power of the antenna which results in the same SAR
as | mWiem® in the tar field. As three different types of
antennas have been investigated, the data presented may
be of assistance in determining exposure limits for porta-
ble trapsmitters. In panticular, one of the antennas, namely
a texomant dipole with a retlector, niay be considered as
representing the worst-cause conditions, as the energy
couples very well to the body.

The exposure drequency of 350 MHz was selected be-
cause of the previously reponted greater than the whole-
body average SAR in the heud m the far field {13]. The
frequency ot 915 MHz 1s frequently used i various ine
dustrial. scientshe, and medical (ISM) applications. Both
frequencies selected are close to trequencies employed in
fontable and mobile transitters.

1. MLASUREMENT METHOD

A computer-controlled scanning systent was used to po-
siion an clectne field probe an a full-scale model of man.
The system s described in detail elsewhere [14], so only
a briet description 18 given here. The human model and
the scanming system are placed in an anechote chamber,
An oprical liber lk connects the electnie field probe and
the ampliticr with the remaming electronic eircuntry and a
minicomputer located vutside the chamber. The use of the
optical hink greatly reduces RF interference.

The model of man used at 350 MH2z wus made of low-
denwty Styrofoam tdiclectric constant approximately 1.05)
filled with a semiliquid macture of the following proper-
ties. the diclectric constant ¢’ = 38 und the conductivity
o = 0,95 Stn. The geometrical shape of the model closely
approximated an anatomically correct average man with a
height of 175 am and a weight of 70 kg, A plastic model
used  wnizing radiation dosimetry (manutactured by
Anderson Research Luboratories Ing., Siamtord. CT) was
employed to prepare our model. The method of the model
preparatton s illustrated elsewhere [5]. At915 MHz athin
shell (15 mm) model made of thermoplastic (dielectric
constant approximately 3) was used. This model was eas-
ter to prepare thanile Styrofoam model and more durable,
The mold was prepared by wrapping thermoplastic mate-
ral around the plastie model using a heat gun. The RF
model wa filled with a senubiquid matenal wih ¢! = 37
and ¢ = L17 St The electrical properties of the pran-
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tom maternal filling the models were selected to approxt-
mate those of the “average tissue,” i.e., 2/3 of the muscle
properties {11}, Both models were placed horizontally and
were supported from the bottom on low-density Styrofoam
blocks.

The electric field intensity was measured by an implant-
able triaxial electnic ficld probe: an EIT, mode! 979, The
probe was fully characterized and calibrated prior to the
experiments [15]. and uts catibration was spot-checked
during the course of the expeniment. The SAR was cal-
culated from the measured clectric ficld strength (SAR =
£ olp. E 15 the rms value of the electric ficld steength o
1s the tissue conductivity, ¢ is the tissue density, o =
t «_:/v:m'). The uncertainty in the SAR was estimated at £
dB, and was mostly due in the calibration uncertamty of
the probe {15]). The measurement repeatability was within
+0.5 dB. For cach exposure condition investigated, the
SAR was measured 1n over 650 locations within one-half
of the model.

For exposures 1 the far field, the human model was
placed at a distance sutficiently large to ensure the far-field
conditions. The distances were greater than 1 and 0.5 m,
350 and 915 MHz, respectively, A complete map of the
power density at the plane of the model of man facing the
radiatton source was obtained for a given placement of the
source without the model in place. The correction for the
nonplanar wanve front (amplitude only) was incorporated
1 the computer program that normalized the measured
SAR salues to § mWiem® of the incident power,

Antennas investigated n the near field included: a res-
onant (half-wavelength) dipole, a resonant dipole with a
metal reflector, and a resonant slot, The antennas were
matched to a 50 © transmussion line at the test trequencies
(with the model of man n the test position). The power
retlected from the antennas did not exceed S percent of
the incident power mn the worse case. The slot antenna at
350 MHz was 42.8 om long (halt wavelength), 30 en:
wide, and a metal rellector was at a distanee of 16,2 v,

At both trequencies for the £« and Hepolanzations the
antenna axis was parallel to the model long axis, At 350
MUz the antenna center was oeated at 103, 137, and 136 6
cm trom the teet base for both dipoles, and at 85 ¢m tor
t' 2 slot, In the A-polanization the dipole was located atong
the body veriical axas, M em above the head, At 913 MHz
the antenng center was located 137 con tro the teet base.
The vanous posttions ware selected cither to represent
typical practical exposure suuations (137 «m tor the
dipoles—portable transmutters, 5 un tor the slot—ua leaky
cabinet) or test cffects ot the vertical antenna placement.

The model of the human body was exposed 0 RF ra-
dratton sactdent from the back tor the far- and the near-
tield exposures, Stace the model was homogencous the geo-
metrical diferences between the tront and the back were
relatively smatl,

11l AVERAGF SAR

The whole-body aserage SAR was calvulated by @ sum-
mation of the locally measured values, incorporating the

volume weighing factor following the prescribed rule (16].
The estimated uncertainty in the whole-body average SAR
was + 25 percent. Tables [ and Il show comparisons be-
tween the far- and the near-field exposures at 350 and 915
MHz, respectively. An input power to the antenna that
restlts in the same whole-body average SAR as exposure
to | mW/em? in the tar field at the same frequency is given
for various antennas in the near field. At 350 MHz (Table
1) the measured vafue of the SAR in the far-field for the
E-polarization is very close to that given in the handbook
{i1]. as well as that caleulated for the block modet {17].
However, for the /-polanizanion the difference between the
experimentally determined SAR and the handbook {11}
value is greater than the measurement uncentainty. Simi-
larly. at 915 MHz (Table i) both values for the E-polar-
ization are very close (within 10 percent), but a larger dif-
ference oceurs for the AH-polanzation. An cxact explana-
tion of the existing discrepancies is not available at pres-
ent. Two observations may explain this lack of agreement.
Theoretical data given in the handbook {11] for frequen-
cies above 200 MHz for the H-polarization are based on
an analysis of a greatly simplified model, namely an infi-
nite evlinder {18). Despite the fact that these calculations
correlate well with caleulations for spheroidal models at
frequencies below resonance [19]. it appears that the dif-
ferences in shapes between the model and the actual hu-
man body are important for the H-polarization at these
frequencies. Previous measurements of the SAR of human
subjects showed the difterences of' a factor from 2.7 t0 3.9
from the calculated values for a spheroidal model (in that
case for the E-polarization) [20]. Errors in the average
SAR calculations from our measured dats cannot be ex-
cluded, but do not appear likely to be greater than the
estimated 25 percent. as the procedare was veritied for
losvy diclectrie spheres and cyhinders.,

The whole-body average SAR depends on the antenna
type (Table 1), and for the sume antenna type is nearly
proportional to the antenaa gain, as illustrated for the di-
pole and the dipole with a retlector As the reflector dou-
bles the gain, the input power s reduced by a factor of
two, However, a ot which has a gain of 4.9, 15 much less
elficientin depositing the enzrgy into the model The range
of the input puwer 2iven in Table | for the dipole in the &-
polarization results from vanations in the vertical place-
ment of the dipele, Because of the body cunvawre {e.g.,
nech) tie distance between the antenna surface and the
body varies, even though the antenna uxis remains at u
comstant distance of 8 em. For the dipole with a reflector
at 350 MHz. practicatly all the power detpvered to the an-
tenna is absorbed in the model, which is not surprising in
view of the good matching of the dipole, small distance
from the model (/A = 009) and large size of the reflec-
tor This configuration can be considered as the worst-case
exposure condition, as in practical situations. ¢.g.. for
portable transmitters, the antennas are designed to radiate
power out. The wave polarization does not sexm to play a
very significant role in terms of the equivalent input power
w the near field tor the eapusure cunditions used in our
experiments,
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STUCHLY o1 «f EXPOSURE OF HUMAN MODELS IN NFAR AND FAR FIFLD

TABLEI

THE INPUT POWER TO THE ANTINVA IN THE NEAK FIRLD 10 THE WHOLE-
BODY AVERAGE SAR EQUAL Ty THAT FROM EXPOSLRE 10 A PLAN WAVE AT
350 MHz AND | mW/em® (SHOWN IN BRACKRETS)

Soba Zatase ©OUMRD skl ) NNV R N T
atosne Qimvte Tapode st | Siot Dipohy | vfpole qien
u febivegor A retfaetor
s 3a8% tat .t L 53
Inp b powet tdY P 8 L\) et LT
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TABLEN

THE TNPUT POWER TO THY ANTENNA 18 THE NLAR FILD TOK THE WHOLES
BoDY AViRaGE SAR EQUAL T0 THAT FROM EXPUMRE T0 A PLANE WAVE AT
IS MHz of | mW/em® (SHOWN IN BRACKFTS)

inlarrtation PASAR Yok mdthy HAR A% waduyd
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3
TABLE 1l

THE INPUT TO THE ANTENNAIN THE NEAR Fit i rOR THE AVERAGR SAR 1%
tHE HeAD EQUAL 0 THAT BROM EXIOSURE T A PLANE Wave 0 L WA DY
(SHOWN IN BRUNETS)
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The SAR measured by uz in the head at 350 MHz and
the E-polacization for the far-field exposure conditions
(Table M) is in good agreement with the value caleulated
for the block model [13]. In the near field, as for the whole-
body average, the greater the antenna gain, for a given
type of antenna, the smaller input power tw the antenna
results in the same SAR as 1 mW/em® of the incident
power density in the far field. It can also be noted (Table
111) that about three and two times less input power to the
antenna than for the whole-body average SAR is needed
to obtan the same SAR as in the far ficld for the E-polar-
jzation at 350 and 915 MHz, respectively. For the dipole
with a reflector at 350 MHz between 09 and 2.1 W of
mput power deposit the same wverage SAR in the head as
1 mWien® for the plane wave.

IV. SeatiaL DisTRIBUTION OF SAR

Both far-field and near-field exposures at the two {re-
quencies investigated produced highly nonuniform spatial
patterns of the SAR’s. For both cxposure conditions, the
SAR decreases exponentially in the direction of the wave
propagation for the body pants whose radii of curvature
are comparable to the wavelength, i.e., in the torso at 350
MHz and in all major body parts at 915 MHz. Further-
more, the attenuation coetlticient is equal to that of a wane
propagation in a semiinfinite half-space having the same
diclectric propenttes as the model of the human body.

Tuble 1V shows the input power for various antennas in
the near field that resufts in the same maximum SAR at
the body surface as for planc waves of 1 mW/em? at 350
and 915 MHz. i is evident that the SAR at the surface
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. 1S
. TABLE IV
. THEINPUT TO THE ANTENNA IN THE NEat FIELD POR THE SAR ON THE Boby
" SURFACE EQUAL TO THAT FROM EXPOSURE 70 A PLANE WAVEOF, ) mW/cm?
(SHOWN 1N BRACKETS)
; Trequesty o Wy MY e
Poberiaatioe £ s QY A WS 020 W) KESAR o 208 d/ug) U ofn 'mpl A n :’:u g
, Angeraa Dipele § Oipete wivh | STot Bipste §Oipete v Bipole | Dipele with Sipele with
¥ A reliector o retlegtor 4 vellectar & teliotnar
a 1aput powvr 183 »e o.08 Ny vl LR} L 1% faid l Ca'y
can be as high as that for an incident power of | mW/cm? s N
(in the far field) for an input power to the antennas of order ¢
of 0.1 to 0.2 W, if the antennas are pluced close to the 150 Ciy
body. . - 3
The spatial distribution of the SAR in the whole body is 1 !
illustrated in Figs. 1-6. The experimental results are pre- \.. :
sented in three different ways: first, as local SAR values o \ "
measured at locations shown in the midsection of the body W = N
(Figs. 1 and 2), second, as the averages of the local values - N
oslong the direction of wave propagation between the body ¥ .
surfaces in a volume corresponding to the diameter of the @ .
measuring probe, i.c.. 0.9 cm (Figs. 3 and 4), and third,
as the averages of the local values measured in various &
body cross sections perpendicular to the long body axis e (
(Figs. $ and 6). . o
Figs. 1 and 2 show local values of the SAR in the body ot 13 100 1000 10
midsection at 915 MHz for the £- and the H-polarization, AR tonrnyosen-2l
respectively. Exposures in the near field result in very lit-
) tle encrgy deposition in the lower torso and the legs, which
is understandable in view of the location of the antennas ER e
in the upper torso region. In the E-polarization the maxi- ! The M
" mum SAR's for the far- and the near-fickd exposures ure 1% § e
K at the same site (Fig.1), but not so for the H-polarization, < /
.} for which the maximum in the near field iz nn the antenna W} - .t oivoL
v axis (Fig. 2). {
J Figs. 3 and 4 show the far- and near-field data at 350 gyt
. MHz for the E- and H-polarizations, respectively, The > - H
SAR values are averaged along the direction of the wave ® 3 i
propagation hetween the body surfaces in a volume cor- t .
responding to the measuring probe diameter (0.9 ¢m). « |
Some energy is deposited in the lower torso and the legs ;
in the near field, but relatively linle as compared to the far :

field. One interesting and important feature can be seen
in Fig. 3, namely that the maximum SAR occurs in the
neck for both the far and the near field for the E polari-
2ation. This is in marked contrast with other polarizations
. and at frequency of 915 MHz, where the maximum SAR c _ )
occurs at the antenna axis for the near-fald exposures. " . (E: d‘m')‘:‘a::“‘“?;';’:":;“ :ﬁﬁﬁ:&x‘u::::i::'::w: a-d
Fig. 5 shows the SAR averaged over the Lissue €r0ss  (enion, E-polanzation. £ = 918 MHz. (2) The far-field exposure and (b)
sections perpendicular to the long body axis at 350 MHz  the acac 5eld expusure to a revonant dipole wuth a reflector.
N for two polarizations. The shift of the SAR maximum from
the dipole axis to the same position as for the far field is  cross sections. Similarly as with the local SAR's, the con-
clearly visible for the dipole in the near field aud the £-  centration of the encrgy deposited in the vicinity of the
polarization even when SAR values are averaged over bady  antenna in the near field is evident.
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A comparison at 915 MHz for the E-polarization 1s given
in Fig. 6. Here the localized SAR pattern in the ncar field
1s even more pronounced. The maximum SAR for the near-
tield exposure is near the antenna axis.

An Interesting comparison between the near- and the
far-field exposures 1s provided in Fig.7 which shows the
spatiat distribution of the SAR n the neck. The local val-
ues in the midsection are shown. [n the far field the max-
imum local SAR occurs close to the center of the neck.
However, in the near field the maximum SAR (above 500
mW/kg: W) is at the neck surface upon which the wave is
incident, and only a small increase in the SAR (SAR =
55 mW/kg- W) occurs in the neck center. The resuit ob-
tained 1n the far field 18 1n agreement with the experimen-
tal data at 450 MHz obtaned using the thermographie
techmique {21}

V  CONCLUSIONS

Expenimentally obtained data on the rates of cnergy
deposition in a model of the human body exposed to RF
tields at 350 and NS MHz have been compared for near-
and the far-ficld exposures. Companisons have been made
i terms of the output power of the antenna n the near
neld required to obtain the same average SAR's tor the
whole body and body parts as when cxposed to a plane
wave of | mW/cm? in the far field. Spatial distnbutions ot
the SAR have also been compared.

The antenna output powers for a given whole-body and
body-pans average SAR's depend on the antenna type (di-
pole versus slot), antenna gain, antenna distance from the
body surface, and to a lesser degree, on the antenna lo-
cation with respect to the body and the wave polarization.

At the two {requencies investigated, 350 and 915 MHz,
the SAR decreases exponentially in the direction of wave
propagation in all body pans whose radii of curvature are
comparable to the wavelength. In some typical configura-
tions relatively little input power to the antenna in the near
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Fig 6 The wpecihic aburption rate (SAR) averaged over tinue luyers per-
pendicular 1o the budy wuis, & polanzation, £ = 915 MHz, solud hise far-
heid expasure, dushed hins nvar-fiekd exposure (o a dipole with a reflec-
106, S ¢m Irom the body surtee 137 oni trom the (et base

fleld 1s needed (only 0.2 W), 10 obtain the same surface as
for a plane wave of | mW/cm® in the far field

The spatial dwtributions of the SAR resulting from the
near field and the far field are very similar in the vicimity
of the antenna (for the near-ficld exposure). Predictably,
in the near-field there is relatively little energy deposition
in the regions made from the antenna.

The internally located maxima of the SAR for our model
are usually somewhat lower for the near-field exposures
than for the far-field exposures resulting in the same whole-
body average SAR.

The comparison data presented can also be analyzed
from the standard setting point of view and in evaluating
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SAR (alt/hg/¥) SAR (sW/hg/edca-2)

1
80 20 40 &0 00 100 R
Position elong toemie {col

Fig, 7. The specing absorpion rate (SAR), focal valus in the midwection
of the nock along 3 line perpendicular to the body axis, 350 MHz,
E-polanzation: solid line: far-neld cxpowure (SAR scale in mWilg-mW
inem*%); dashed line: near ficld expasure 102 dnpolc 8 ¢m from the body
surface, 137 cm from the fect base (SAR scale in mWikg=W).

potential hazards of exposure to pontable transmitters, For
instance. if the far-field exposure limits of 1.2 and 3.0 mW/
cm?® at 350 and 915, respccnvely. are considered {3], typ-
ically. 6 und 24 W of the power to the antenna (a dipole)
will produce the same whole-body average SAR's with the
antenna about -8 cm from the body surface. Greater out-
put powers of the antennas in the near field would be re-
quired to exceed the condition of 0.4 Wikg for the whole-
body average SAR (3], However, for the near-field expo-
sures energy is deposited ut a greater rate in the head. For
a dipole in the near field at 350 MHz the output pawer of
about 2 W deposits the same average SAR in the head as
exposure to 1.2 mW/cm? in the far field. About 8 W of
the output power in the near field would be required to
exceed the average of 0.4 Wikg in the head.

For the near-field exposures high rates of energy depo-
sition on the body surface occur. For instance, ut 350 MHz
approximately 0.25 W of the output power from the dipole
deposits the same SAR at the body surface as a plane wave
of a power density of 1.2 mW/cm?, Furthermore, the rec-
ommended limit for the spatial peak SAR value of 8
Wikg (3] is exceeded for a dipole at 350 MHz at a distance
of 8 cm from the body surface for an output power of less
than 8 W,

Resonant dipoles with reflectors can be considered as
the worst-case representation of many practical near-field
radiators, and their SAR data may be used for estimating
potential hazards of exposure when the far-field standard,
¢.8., [3], is used as a reference.

The results reported here are for a homogeneous modet
of the human body. Considerable differences in the spatial
distribution of the SAR are to be expected when nonho-
mogeneous properties of the tody tissue are included.
Even simple body tissue layering (shin-fat-muscle) was
shown to increase local SAR's under some conditions [22].
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Energy Deposition in-a Model of Man
in the Near Field

Stanislaw S. Stuchly, Andrzej Kraszewski, Maria A, Stuchly, H
George Hartsgrove, and Daniel Adamski
Department of Electncal Ergineenng, University of Ottawa. Ottawa, Ontanio (S.5.S.. A.K.,

G.H., D.A.) and Radkation Frotection Suresu, Heaith and Weifare Canaca and University of
Citawa (M.S.)

.

. The spatial distribution of the specific atworption rate (SAR) wax measured 1n 3 fullescale : .
H model of man using implantable clectric (el probes, The mudel was evposed in the nears N
fleld of hincar and aperture ntennas at 330 MHZ Etfects of the wave plarizaton, antenny A
position and amenna gain on the SAR distnibusion and the average SAR in the whole-hody E

and budy parts are reponted.
3

* Key words: radiofrequency, dosimetry, nesr-fleld exposure, SAR distribution

INTRODUCTION t

The average seecific absorptiec *ate (SAR) has been used in quantifying biolog- .

ieal effects of radiotrequency (RF) fietds and formulating exposure standards [Cahill, 3

1983; ANSI, 1982]. Furthermore, it has also been recognized that the spatial distri- 3

bution of the SAR inside an exposed animal or human being plays an essential role in

resulting biological responses. Considerable amount of data has been accumulated on

! the average SAR obtained through caleulations and'measurements. particularly in the
. far-fieid of antennas {Durney, 1980: Stuchly, 1983: Stuchly and Stuchly. 1985).

However, relatively hitle information is available on the SAR distribution in the near-

field of antennas, even though such exposures are common in practice due to a

widespread use of portable and mobile RF transmitters. .
Theoretical analysis was previously performed for spheroidal models of man
exposed in the n:ar-field of a short dipole (Iskander et al, 1980), 2 small loop
(Lakhtakia et al, 1981), and a small aperture (Lakhtakia-et al, 1982), The limitations

RE of these studies in terms of realistic exposures are apparent because cf the simplified,
model and electrically small antennas used. A block model of a man exposed in the

YT T PN YR ST e

+

near field of a slot antenna [Chatterjee et al, 1980] and monopole and dipole antennas ) 5
{Spieget 1982} were also analyzed numerically. In these cases the SARs were calcu- 9
oS ] laiod wirti., relatively large tivsue volumes, typically 300 cm®. ' i
. ; An alternative approach, which is also most likely to provide accurate data on ' [~
X i the spatial distribution of the SAR, employs implantable electric field probes and full- H
% H ;;
- . i o
iy , Received for review July 9, 1984: revision received December 18, 1964, : i &
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« . Otiawa, 770 King Edward Avenve, Ortawa, Ont. KIN 6NS$, Canada, H i g
3. © 1985 Alan R Liss, Inc. H | ¢
¢ | £
’ : ik

i
g : B : I .E

N
.

H

/|
!



S

T2

2 S

R
B
atatelase]

.2

G 8

ML

K

16 Stuchly etal ot

scale realistic models of man [Athey and Cleveland, 1982]. Acquisition of information
on the spatial distnbution of the SAR in such models is greatly tacititated when an
satomated scanning system under computer control is used [Stuchly ef al, 1983b].”

For several reasons, the implantable probe technique wans selected rather than
the previously developed dnd successtully used thermographic technigue [Guy, 19712
Guy et al. 1976]. One of the main limitations of the thermographic technigues is that
high intensities of the exposure ficld are required. so that u thermographic scan can
be taken no later than abeut 20 » after the commencement of the irradiation, This
difficulty is particularly pronounced for near-ticld exposures and for full-seale models.
Furthermore, the probe technique with advanced electronic circuntry provided a wide
dynamic range of over 20 dB und an excellent spatial resolution, The thermographic
technique. on the other hand. is much faster and provides a complete picture of the
SAR distributios, in a selected cross-section.

In this paper. we present data on the spatial distribution of the SAR in a full-
scale homogencous mode! of man exposed in the near-field of tinear and aperture
antennas at 350 MHz. The frequency of 350 MHz was selected because head
resonance at this frequency has been previously reported [Hagmann ot ul. 1979, und
because portable and mobile transmitters are operated at or near this frequency. The
antennas selected are typical for practical exposure situations, i.e.. a resonunt dipole
and 2 resonant dipole with reflector as representatives of linear antennas ot radio
transmitters, and a resonant slot with a reflector as a representation of leaky housings
of RF generators.

MATERIALS AND METHODS .
Expetimentsl System

A scanning system consisting of a mechanical structure for supporting and
positioning of an electric field probe and a computer system for control of the
experiment, data acquisition. storage. display and recording is described in detail
elsewhere [Stuchly et al. 1983b). In brief, the probe can be positioned ut any selected
location within a volume of 2m X 0.5 m X 0.5 m with an uncenainty of 0.05 mm.
The scanning system with the probe are placed in an anechoic chumber to limit
reflections of RF energy. The probe output is fed directly to an ampliticr which is
connected through an optical fiber link to the remaining electronic cireuites outside
the chamber.

To measure the electric tield intemsity. an implantable triaxial probe E!T 979
was used. The probe had a diameter ot 0.9 cm and a sensitivity in the tissue phantom
material of 3 uVlV’Im’_\ {Stuchly et al. 1984]. The probe was calibrated with an
estimated uncertainty of = ! dB. 'With the electronic circuitey utilized it was possible
to measure the eleciric ficlds equivalent to SARs greater than G.2 mW/kg with a
signal-to-noise ratio of 5.

Mode! of Man

A full-scale mode! of an anatomically proportional average man (1.78 m, 70
kg) was constructed from low-density Styrofoam shcets 2.5-cm thick, which were
glued together. The mold was positioned horizontally and partly open in the torso
area, and holes "arge enough for inserting the probe were drilled in other locations.
The ‘mold was filled with a low-viscosity, water-based mixture having electrical
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properties of the average tissue €.g. equal to 2/3 thuse of muscle, At 350 MH2 the
dielectric constant was 38, and the conductivity 0.95 S/m.

Antennas and Exposure Conditions .

Two linear antennas tested were a resonant (half-wavelength) thin dipole and a
resonant dipole with a retlecior. The lengths of the dipoles were adjusted to ensure
impedance matching to the 50-Q feeder, while the model of man was placed ut the
test position closc to the anteanas.

A resonant slot with a reflector was used as an aperture antenna. Al the untennas
were well matched (VSWR € 1.2). Dimensions und essential electrical parameters
of the antennas are summarized in Table 1.

The antennas were placed 8 ¢cm from the model surface at various focations
close to the head and the torso for the two polarizations investigated, i.e., the E
polarization (the electric rield paratlel to the verticai body axis) and the H polurication.
The distance of 8 cm seems to be realistic for typical practical situations of portable
backpack radio sets and hand-held portable radios. For & polarization, the dipoles
were placed on the axis of the body 14 cm from the head. in which case the wave
propagated from head-to-toes. For convenience.the model was positioned horizon-
tally with the antenna placed underneath (for E & H polarizations) (Stuchly, 1983b),
see Fig. 1.

To characterize the exposure conditions, the electric field was measured on the
dipole axis in the absence of the model. Figure 2 illustrates the syuare of the total
electric ficld vs distance from the antenna. The model was placed at a distance ot 7.6
cm, corresponding t0 0.09 of the wavelength in free space. Even though this could
be considered as the near-field, it is clear that the contribution of the clectric field
components, other than those whose amplitudes decay inversely proportionaily with
the distance from the antenna, was very small.

Calculation of the Average SAR

A curve-fitting method has been developed to facilitate calculations of the,
average SAR for the whole-body and its parts from the acquired values of the locat
SARs. The electric-field probe could not be positicned very close to the bottom wall
of the model (the probe was introduced to the model from the top and normally was
scanned down in the direction of the antenna to a distance of approximately 2 ¢m
from the bottom wall of the model). Since the mode! was irradiated from the bottom
and, in many locations, the SAR decreases with-the distance along the dircction of
propagation, it was essential to include the SAR values in the volume adjacent to the
bottom wall in the calculations of the average SAR. To accomplish this task, the

TABLE 1. Parameters of the Test Antennas

Resonant Resonant dipole  “ Slotwitha

Antenna type dipole with 3 reflector seflector
Length (cm) 31 37 42.5
Lengthiwavelength 043 043 0.50
Diameter (cm) 063 0.63 -
Width (cm) - - 1.6
Reflector distance (cm) - 130 18.0
Gain 1.64 3.28 487
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experimental data were extrapolated inte that volume by  least-square curve fitting.
In the majority ot cases, e.g. in the torso, the SAR tollows an evponeatial function
along the direction of wave propagation, Therefore, an exponentiul function was titted
to the duta points, und the SARS in the volume close to the model wall were caleututed.
Where the SAR chunged in a few regular fashion, ¢.g.. in the head or legs. other
functions auch us polynuntials were titted to the data, The extrapolated values of the
SAR were uned together with the experimentally obtained values for caleulations of
i the averages.

) To caleulate the average SARs. the average SARs in twenty body crossections
were calculated by using the extrapolated data. The crossesections were perpendicular
to the main body axis. Seven crossesections were located in the head and nech, ik in
the torso and seven in the legs: the positions of the crossesections correspond to the
points shown in Figure 3. The divtances between the cross-sections were from 4 em
' in the head to 10 ¢m in the legs, For each of the crossesections the SAR data were
acquired along three to seven axes spaced about § ¢m apart, and along each ol the )
4 axes the SAR values (either measured or extrapolated close to the body surfuce) were

spaced | cm apart. It is cvident that the calculation of the average SARs was more

[ accurate for the head than for the legs. To evaluate the uncertainties involved in the

averaging. the average SAR way caleulated for a 16-em diameter diclectric sphere

and compared with the calculated value. Three cross-sections and three axes within

cach crossesection were used. The esmimasd uncertainty for the calculations of the

average SARs is about = 25%. even thoug:- much better agreement was vbtained for

a

S At L PSS S o it R Sl EUN SCCAOS S PN IR ihd S

, the sphere.
To calculate the whote-body average SAR the commonly used “rule of nines™ .
(Ricci. 1967) was applied. i.¢.. the contributions by weight of the various parts of the
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human body were as follows: head and neck. 0.09: upper torso, 0.18; lower torso,
0.18; arms 2 X 0.09: upper legs. 2 X 0.09: lower legs 2 X 0.09. The average SARs
were calculated for each body part. then multiplied by the weighing fuctors and
summed to obtain the whole-body average.

RESULTS

The electric field intensity was measured, and the SAR was calculated in over
650 locations within a haif of the model for 9 untenna locations and various polariza-
tions. Each complete scan was repeated at least three times by using ditferent input
powers to the antenna. or on different days. All the results shown are averages, the
repeatability of the data was well within + 0.5 dB.

A typical distribution of SAR in three crosw-sections of the body is shown in
Figure 3 for the resonant dipole with a reflector placed 8 cm from the back of the
model and 137 em trom the base of the feet.

Variations of the SAR along the direction of the wave propagation on the
antenna axis when the antenna was positioned close to the torso, in the E polarization,
are illustrated in Figure 4. The same data for other antenna configurations are
summarized in Table 2,

Figures 5 to 10 show the spatial distribution of the SAR along the two body
axes, where the SAR is averaged over cylinders perpendicular td the points shown on’
the graphs. contained between the body surtaces and having a diameter of 0.9 cm (the
probe diameter). In essence, cach point represents the area-under the corresponding
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Fig. 4. Resonant dipole. The ‘specific absorption rate (SAR in the torso at the dipole axis vs distance
from the body surfate at which the wave is incident; frequency = 350 MH/, polanzation = E }| L,
power to the antenna = | W, dipole atx = 137 cm from the base (feet).
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TABLE 2. Mavximum and Mean SAR Along the Direction of Propagatiun, W hole-Body Average
SAR, and Attenuation CoefTicient (B) for Antennas in the Near-Field

SAR(mWiLg)
Polari« =
Antenna zation (cm) Max" Mean _ WB AveY B +3SD
Resonant E 103 1090 £ 86 100 8.1 ~- 0.567 = 0.0
dipoie . L
E 137 494 + 32.5 50 63 - 0464 £ 0009 \
H 137 1033 £ 193 9% 6.4 ~0.515 £ 0027
Resonant E 137 1291 + 330 139 43 - 0464 £ 0012 hY
dipole with S-‘
a reflector . X
. H 137 2632 & Si6 07 13.2 - 0.503 % 0.023 L
. Slot witha £ 87 0sxse 28 6.7 - 045 £ 003 ¥
reflector

R

;;he distance of the antenna axis from the model (base) feet.

1S does not pond 10 the absolute maximum anywhere along the body
axis, but represents the maxsrmum at the X position indicated in the table.
SWB Avg. = whole-body average.
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curve, similar to that shown in Figure 4, divided by the distance between the body 1TE
surfaces. For instance, the point on curve A-A in Fig. 6 for the height of 137 cm was N
L. actually calculated from the data shown in Figure 4, 0
The distribution of the SAR uveraged over horizontal tissue layers along the L:fs‘;
' body ‘vertical axis is shown in Figure 10 for the resonant dipole and the dipole with a -
-. teflector, both in the E polarization. The same distribution for the dipolé with a W
A Jeflector for the H polarization is shown in Figure 11,
. The average whole-body SAR and those for the parts are summarized in Table
' 3 for all cases tested, except for the k polarization,
; DISCUSSION '
-t The spatial distribution of the SAR in body cross-sections is highly non-uniform
a .ot for alt antennas and their locations, as ilustrated‘in Figure 3 for one of the cases
tested. This is characteristic for all tested situations. - .
.:: For all nine antenna configurations tested, the SAR decreased exponentially .
3 along the direction of the wave propagation within the first 10 cm or more, as shown
-~ , . in Figure 4. In some cases small deviations from the exponential behaviour of the
f SAR wcre observed at greater depths, particularly in the neck and the limbs. but their ;
' magnitude was at least 50 times below the maximum SAR on the irradiated body |
surface, This behaviour is analogous to the behaviour of the SAR distribution for the H
far-field exposures at 350 MHz {Kraszewski et al, 1984], The attenuation coefficients i o
‘ (B), for various antenna configurations are very close to each other. as illustrated in 5 508
Table 2, and very close to the theoretical value B = —0.49, as calculated for a plane y B0
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wave of the same frequency incident upon a semi-infinite tissue layer having the
electrical properties of the average tissue. The ubserved exponential decay of the E
SAR with distance is not surprising in view of the chunges of the incident clectric
ficld with distance. The incident clecteic ticld, as shown in Figure 2, varies nearly
inversely proportionally with distance at the location of the moded.
Because of the exponential devay of the SAR with distance (Fig. 4). the mean
values of the SAR distributions can be easily evaluated. Several features of the encrgy N
deposition in the body can be obwerved. The highest SARs were clne to, but not N
always on, the axis of the antennd. When the antenna was positioned close to the o~
head-neck region and for the E polarization. the mavimum SAR shifted ofY the dipole
. axis towards the head, as illustrated in Figures $ und 6. This feature was characteristic I
v for both dipolus. the resonant dipole and the cesonant dipole abose with a retlector.
o+ However, for the H and h-polarizations (Figures 8 and 93, the maximum SAR was on
1 the axis of the dipole. The same holds when a dipole rudiating with the E-polarization
or a slot were placed close to the lower tonso (Figures 7 and 100,
. The maximum mean values of the SAR were about 100 mW/kg per | W of
input power for the resonant dipele with both the E and H polarizations (Figs. 3-7.
* Table 2), but only about 20 mW/kg for the slot (Fig. 10, Table 2.
The maximum mean SAR value tor the k polarization was at the top of the
head, i.c., at the irradiated surface for both dipoles tested (Figs. 8 and 9). However,
in the neck area there was a small increase in the SAR, approx. § mW/kg for the
resonant dipole (Fig. 8), and approx. 10 mW/kg for the resonant dipole with 2
reflector. ' .
The slot created a broader SAR maximum in both directions (only one dircction
is illustrated in Fig. 10). 1t can also be obscrved that for the dipoles, and to a lesser
degree for the slot, changes in the mean SAR along the vertical body axis were quite
e, : rapid, typically more than an order of magnitude within 10 cm.
L The general shape of the SAR distribution along the vertical body axis was
A : preserved for all antennas when the SAR was averaged over horizontal body layers,
5. ) as shown in Figure 11 and 12. Once again. it should be noted that in a similar manner
4 as for the local SAR distnbutions and those averaged over the cylinders (Figs. 5-10),
A A the SAR maximum was on the dipoie axis (Fig. 12), except when the Jipole was
K ' located close to the head-neck area. .
! For linear antennas, the maximum SAR averaged over the tissue layers was
N, very close for the two polarizations (E and H), with slightly greater values (~ 15%-
N . 20%) for the E polarization. This point is illustrated in Figures |1 and 12 for the
' dipole above with a retlector located 137 cm from the feet base.
! For linear antennas, an increase in the antenna gain was nearly proportionally
-
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reflected in an increase as the local and average SARs. This point is illustrated in .
. Figure 11 showing the SARs averaged over tissue layers for the resonant dipole and

the same dipole with a reflector. Further illustration is given in Table 2, for instance,

for the H polanzation and x = 137 cm; the ratios of the maximum, mean. and whole

body averaged SAR for the two dipoles are 2.5, 2.6, and 2.1, respectively vs the gan

. . ratio of 2 (Tuble 1).

. The average SAR in various parts of the body, as expected, depends on the
position of the antenna with respect to the body and 10 a certain extent on polarization
(Table 3). Whenever an antenna irradiating the body with E-polanization is placed
close to the neck, the head-neck SAR is significantly increased, but this increase does
. not occur with H-polarization.

.
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Fig. 12, Resonant dipole with 3 teflector. The mean values of the speaific absorption rate (SAR) for
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The whole-body average SAR (Table 3) is mainly determined by the antenna
gain and, 1o a much lesser degree, by the antenna location. The dependence on the
antenna location basically reflects the dependence on the average distance to the body
surface. [t should be noted that the antenna axis was always 8 cm from the body
surface, but becuuse of the body curvature, the distance becween the antenna sueface
and body surface varied for different antenna positions and polarizations.

One question related to the near-field exposure is worth addressing. According
to the ANST recommendations (ANSI, 1982}, the upper fimits for near tield exposures
are an average SAR (whole-body) of 0.4 Wrky and a spatial peak SAR of 8 W/kg as
averaged over | g of tissue. At a frequency of 350 MHz. the output power of a
portable transmitter has to exceed 25 W for the average SAR to be above the limit
for practical distances of 7 to {0 cm for the antenna separation from the body surface.
However, only about 4 W appear to be sufficient for exceeding the spatial peak SAR,

which occurs at the body surface. Whether the limit on the spatial peak SAR should .

apply when the peak SAR is on the body surface is a separate question,

CONCLUSIONS

The spatial distnbution of the SAR in a full-scale homogeneous model of man
at 350 MHz with three polarizations of the incident wave has been meosured and
analyzed for three antennas in the near-ficld. The whole-body average, the partial
body, and selected volume SARs have been calculated. The antennas selected repre-
sent typical practical situations, such as portable transmitters and feaky RF transmitter
cabinets or similar hardware. Fot near-tield exposure the folfowing conclusions can

be drawn;
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(i) The spatial distribution of the SAR is highly nonuniform for all polariza-
tions; the nonuniformity occurs along all directions within the body.
Typical ratios between the spatial peak'and the whole-body average SAR
arc 150 to 200 for the lincar antennas. and 30 for the slot.

(ii) At 350 MH<.-and probably at all higher frequencies tor all antennas and
polarizations, the SAR increases exponentially with distance from the
surface upon which the wave is incident, at least within 10 cm. By that
distance, the wave is attenuated about 1S JB. This finding is consistent
with a previous report for a hund-held transmitter at 806-821 MHz.
operating in the E-polarization [Athey and Cleveland, 1982}, The atten-
uation coefficient is very close to that of a plane wave incident upon a
semi-infinite tissue layer, Therefore, a simplified analysis can be used to
determine the relative SAR distribution in a multilayered tissue structure.
The absolute values of the SAR can only be found through 2 more complex
analysis of measurement since they depend on the antenna type, polariza-
tion, and distance from the body.

(iii) For the E-polarization. the maximum absorption is shifted. from the axis
of the antenna towards the neck region for antenna locations in the nearby
region.

(iv) The relative spatial distribution of the SAR depends mainly on the antenna
position and polarization, but the whole-body average SAR is busically
determined by the antenna gain and distance from the body. The antenna
type (e.g. dipole vs slot) affects both the whole-body average and the
distribution of the SAR.

(v) The non-uniformity of the SAR distribution in the near-field wnphes that
exposure to some portable radio RF transmitters can result in the peak
SAR (averaged over | g of tissue) exceeding the recommended limit of 8
Wikg [ANS{, 1982}, while the whole-body average SAR remains well
within the limit of 0.4 W/kg. For instance, for a resonant dipole with a
reflector and H-polarization, an output power from the antenna of 3.1 W
is sufficient to deposit the energy at the surface at a rate of 8 W/kg. while

for a whole-body average of 0.4 W/kg, an output power of 30 Wis
required.
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REPARTITION DE L'ENERGIE DANS LE CORPS HUMAIN SOUMIS AU RAYONNEMENT ER
CHAMP PROCHE D'APPLICATEURS RADIOFREQUENCES. .

M.A. STUCHLY, S.S. STUCHLY, A. KRASZEWSKI, G. HARTSGROVE

RESUME :

La distribution spatiale du champ électrique ou le taux de
répartition de 1l'énergie (défini par le taux d'absorption spécifique
TAS) qui résulte de 1'exposition du corps humain au rayonnement émis &
partir d'applicateurs radiofréquences est intéressant et important dans
le cas de l'hyperthermie induite électromagnétiquement et pour évaluer
les risques potentiels pour la santé liés 4 des expositions involontai-
res. Un dispositif de balayage contrdlé par ordinateur ainsi qu'une
sonde jimplantable de mesure de champ électrique ont été utilisés pour
déterminer la répartition du TAS dans un modéle du corps humain. Les
résultats de ces mesures effectues 3 160, 350 et 915 MHz A 1'aide de
dipSles résonants avec réflecteurs, situés i une distance d'environ
A/10 de la surface du corps humain, sont présentés, R

MOTS CLES : HAUTES FREQUENCES - ABSORPTION ~ HYPERTHERMIE ~ CHAMP
PROCHE.

ENERGY DEPOSITION IN THE HUMAN BODY FROM RADIOFREQUENCY RADIATORS IN THE
NEAR-FIELD,

ABSTRACT @

Spatial distribution of the electric field or the rate of
the energy deposition (defined as SAR - specific absorption rate),
resulting from exposure of the human body to radiofrequency radiators is
of interest and importance in electrcmagnetically induced hyperthermia
and in assessment of potential health hazards due to unwanted (e.qg.
occupational) exposures. A computer-controlled scanning system and an
implantable electric field probe were used to determine distributions of
the SAR in a model of man., The results of measurements performed at 160,
350 and 915 MHz for resonant dipoles with reflectors and resonant
gslots with reflectors placed at a distance of approximately one tenth of
the wavelength from the body surface are presented.

KEY WORDS : RADIOFREQUENCIES - ABSORPTION -~ BYPERTHERMIA ~ NEAR FIELD.

Innov. Tech. Biol. Med. ; Vol. 6, n® S, 1985, .
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ENERGY DEPOSITION IN THE HUMAN BODY
FROM RADIOFREQUENCY RADIATORS IN
THE NEAR-FIELD

M.A. Stuchly(1)(2), S.S. Stuchly(2), A. Kraszewski(2)
and G. Hartsgrove(2)
(1) Radiation Protection Burear, Health and Welfare Canada
(2) Dept. of Electrical Engineering, University of Ottawa,
Ottawa, Ontario, Canada, KIN 6N5

INTRODUCTION

Spatial distributions of the electric field or the rates of
the energy deposition resulting from exposure of biological bodies to
radiofrequency (RF) radiators in the near-field have been of interest
and the subject of numerous studies. The interest stems from two
important applications. One is in RF induced hyperthermia used in
cancer treatment, where it is important to know the spatial
distribution of the energy deposited, in order to determine and
possibly control the volume of the tissue that {s heated. The other
application is in evaluating the rates of energy deposition resulting
from exposure to varfous RF sources in the near-field (e.g. portable
transmitters, leaky radiofrequency equipment), in order to assess and
prevent a potential health hazard.

The quantity frequently used in describing the rates of RF
energy deposition s the specific absorption rate (SAR), which fis
defined as the time derivative of the incremental energy (d4) absorbed
by an incremental mass (dm) contained in a volume element (dV) of a
given density (o) 11: . :

_d dw _d ,dW
DMR- a—faﬁ-aﬂf(m) (”

For siruraidally time-varying fields the SAR is related to the electric
field styength in situ as:

SAR = 53 4K (2)

where: E is the magnitude (peak) of the electric field, and o is the
conductivity of biological material (tissue), . ‘

To determine spatial distributions of the SAR, theoretical
and experimental methods are employed. Numerical methods used to find
the S$AR distribution for various hyperthermia applicators have recently
been reviewed [2), In hyperthermia investigations the evaluation of
the SAR distribution, either theoretical or experimental, is followed
by theoretical and/or experimental evaluation of the resulting
temperature distribution. For assessment of a potential health hazard
due to expcsure to RF energy various methods of analysis have, been
developed for simplified models. MNumerous calculations developed for
far-field exposures have been reviewed elsewhere ([3,4). There are
numerous theoretically analyzed exposures in the near-field
{5,6,7,8,9)], however, only a few exposure configurations in the
near-field of fairly realistic models, such as a "block model" of man,

REPRINTS : Dr. N.A. STUCHLY, Electrical Encineering Department, Univer-
sity of Ottawa, 770, King Edward Street, OTTAWA, ONTARIO KIN 5M6 CANADA

Innov. Tech., Biol. Med., ; Vol. 6, n® 5, 1985.
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have been treated {8,9]. o

Experimental techniques serve as alternative and frequently
complimentary to theoretical methods as reviewed in [10]. These
techniques, at least at the present time, provide more detailed
information about the spatial distribution of the SAR than the
theoretical calculations. There are three viable techniques for
measuring SAR distributions. . A thermographic technique [11] zan be
successfully apptied for both the evaluation of hyperthermia
applicators [12] and for potentially hazardous exposures [13]. The
technique is fast and reliable; its main advantage is that a complete
thermal picture (or the SAR profile) can be obtained for any selected
cross-section of the exposed body. The main limitation of this
technique {s that high power sources are required, unless only a very
limited volume is to be heated. Two other techniques involve use of
implantable probes. Either temperature probes or electric field probes
can be used, Both types of probes are miniature and implantabie, and
have been extensiveiy used for measurements in a few points within the
volume of interest {10]. Temperature probes are particularly widely
used in hyperthermia for treatment monitoring and control, The main
limitation of the probes is that unless a special scanning system is
used, information about the SAR or temperature is obtained only for a
few locations.

We have developed and evaluated a computer-controlled
scanning and data acquisition system. This system has been used with
implantable electric field probes’ to determine the spatial distribution
of the SAR in models of the whole and parts of the human body. These
models have been exposed in the near-field of two types of radiators,

m’."

q'
namely a resonant slot and a resonant dipole with a reflector. The NN
experimental method and the results obtained at three frequencies (160 }g:::
MHz, 350 MHz and 915 MHz) are discussed in this paper. The radiators v
investigated are of finterest for both electromagnetically induced }g:j
hyperthermia and for evaluation of unwanted exposures. For instance, a L_

resonant slot may serve as an approximation of a leaky cabinet. Short
dipoles (about 0.1 of the wavelength) have previously been proposed as
elements of an efficient hyperthermia applicator [14,15]. Resonant
dipoles, because of their greater efficiency in coupling the RF energy
into tissue, may offer a better solution.

EXPERIMENTAL SYSTEM

The experimental system consists of the following essential
parts: (a) an anechoic chamber, (b) an RF radiation system, (c) an
appropriate phantom model of the human body or its part, (d) an
electric field probe, (e) a mechanical computer-controlled scanning
system, (f) an electronic system interfacing the probe with the
computer, (g) a minicomputer. A general description of our earlier
system is given elsewhere [16), Significant modifications have been
introduced since then and are described here for the first time. -

Figure 1 shows a block diagram of the experimental system.
An antenna or a hyperthermia applicator, the E-field probe, the probe
holders, the pre-amplifier and the mechanical frame with stepping
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Figure 1 : Block diagram of the experimental system for mapping the
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Figure 2 : Radiofrequency radiation system.

motors are placed in the anechoic chamber. Ffor accurate measurements a
limited size and quality (reflections below -20 dB) chamber is required
to minimize interference by the reflected waves. Although measurements
for hyperthermia applicators and other near-field radiators are
possible without an anechoic chamber, the accuracy of measurements is
usvally adversely affected, The RF radiation system, shown in
Figure 2, comprises a signal synthesizer modulated at a low frequency
(about 500 Hz?

meter and a radiation source (an antenna or a hyperthermia applicator).

The mechanical structure, the drives and the control unit,
and their operation are described in detail elsewhere [16). Briefly,
they are capabie under the computer control to position the E-field
probe within #0.05 mm in any lccation within a volume of 190 x 50 x 45
cm. The speed is 0.42 mm/s for a simple motion (a single coordinate
changing at a time), and 12 mm/s for a composite motion (two or three
coordinates changing simultaneously).

A schematic diagram of the electronic system is Zhown in
Figure 3. This system provides amplification of the 500 Hz signals
from the E-field probe, conditioning of the signals, and traansmission
by an optical fiber link to an A/D converter. The amplitude modulation
of the RF signal is employed in order to increase the dynamic range of
measurements of the SAR (the electric field strength in tissue). The
dynamic range depends on the E-field probes linear range of operation

-

, a digital attenuator, an RF power amplifier, a power
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and on their noise level. The amplitude modulation at about 500 Hz
improves the signal-to-noise ratio by about 10 dB with a 1 Hz bandwidth
of the amplifier as compared to the operation without modulation [17].

The dynamic range of measurements of the SAR exceeded 30 dB
in the frequency range from 150 MHz to 1 GHz.

» e nee eotic
IRTEA COnvOTER CoRWIEHLS hamswat(s

winatelirgs

oy e o

Figure 3 : Schematic diagram of the electronic system.

Two types of radiators operating in the nesr-field were
investigated: a resonant slot and a resonant dipole, both with
reflectors, Salient characteristics of these radiators are summarized
in Table 1. One of the most important features of these radiators is
that they are very well matched to the. feeding lines when a phantom
model of the human body is placed in front of them at distances of
about 0.1 of the wavelength. The voltage standing wave ratio (VSWR) is
less than 1.6, which {is equivalent to 4 per cent of 'the refiected
power, This is particularly important in hyperthermia applications.

A model of the human body in a form of a shell was made of a
thin (1.5 mm) thermoplastic material. The geometrical shape and the
dimensions closely approximated an anatomically correct average man of
a height of 175 cm and a weight of 70 kg. The shell was filled with a
semiliquid material having electical properties equal approximately to
those of "average tissue", i.e. 2/3 of the muscle properties. As
electrical properties of tissues vary with frequency, different
mixtures were prepared for specific frequencies used in the
investigations” (160, 350 and 915 MHz). The electrical properties of
the tissue-equivalent materials used are summarized in Table 2 and the
attenuation coefficient, <, is given. Parts of the plastic shell were
removed (on some “flat" parts of the torso) or holes were drilled in
the shell to allow the E-field probe to penetrate into the interior of
the model, which was positioned horizontally. The radiating source was
placed under the model, while the probe penetrated vertically from the
top of the model.

The electric field strength was measured with an implantable
triaxial field probe, consisting of three short dipoles, each loaded




with Schottxy diodes (EIT probe, model 979)}. The overall diameter of”
. the probe was 9 mm. The probe was fully characterized and calibrated
as described in {17), and ib2 calibration was spot-checked during the
course of experiments. The estimated measurement uncertainty in SARs
was +1 dB, and was mostly due to the uncertainty in the probe
calibration [17]. The measurement repeatibility was better than +0.5

.
l

)

o Table I. Characteristics of the radiators
i
b ANTENAA
N Teee | FREQUENCY | LENGTH/ acregeror | ocarn | taeur
*," {MHz) WAVELENGIH | OISIANCE (cm) | (d98) | VSWR
Dipole 160 0.49 * 20 3.6 1.5
Dipole 350 0.43 F4] 3.3 1.6
Slot 150 0.50 16 4.9 ta
Oipole 915 0.49 8.2 L 1Y 4 1.1
5lot 91$ 0.50 6.8 §.1 1.1
Tadble 2. Electrical properties of
tissue phartom miterials
1
FREQUENCY OIELECTIRIC CONDULTIVITY, o, ATTENUATION
MMz} COASTANT, «* (S/m} COEFFICIENT, o
160 40 0.80 0.18
350 38 .95 0.26
ans kH .47 0.35

- RESULTS AND OISCUSSION

The electric field strength was measured and the SAR
calculated on the axis of the radiators in the tissue-equivalent
material at three frequencies for resonant dipoles and slots with
reflectors, The designation of the radiator placement with respect to
the model of man is shown in Figure 4, while Table 3 gives the radiator
coordinates at the frequencies investigated. The radiators were placed
in the plane corresponding to the body vertical axis, and were oriented
in such a way that the electric field vector was parallel to the body
vertical axis. Figures 5 and 6 show the results for the dipoles and
the slots, respectively. In all cases investigated, for both types of
radlators and at all frequencies, the SAR decreases exponentially
{notice the logarhythmic scale) with distance from the body surface.
Furthermore, the attenuation coefficients are very close to those
estimated theoretically for the plane wave as given in Table 3. That
means, that the longer the wavelength, the greater the penetration
depth in the tissue. The SAR close to the surface is much greater at
350 and 915 MHz than at 160 MHz for the dipoles. For the slots the SAR

close to the surface is less than that for the dipoles, and at 915 MHz
it is greater than at 350 MHz.

1
Figures 7 and 8 illustrate the spatial distributinon of the i
SAR in the cross-section of the torso on the radiator axes {see H
Table 3) for dipoles and slots, respectively, The dashed lines show §
the equi-SAR profiles in mi/kg per 14 of the radiator output power. A i
difference in shape of the lines between the dipoles and the slots can DS
be seen. The data presented can be utilized in designing an array to N
obtain a desired heating contour.
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Figure 5 : The specific
absorption rate, SAR, in
the torso on the antenna
axis as a function of
distance from the body
surface for resonant
dinoles with reflectors.
Points show the experi~
mental data and the lines
are the least-square fit.
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fable 3. Geometrical coordinates for the
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Designation of geometrical coordinates
for the radiators investigated.
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Figure 9
Specific absorption rate, SAR, averaged over tissue layers
perpendicular to the body main axis for resonant dipoles with
veflectors at three frequencies.
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Spatial distributions of the SAR averaged over tissue layers
* perpendicular to the body main axis for the dipoles and siots are shown
in Figures 9 and 10, respectively. The maximum SARs, except at 160
MHz, occur in the tissue layers on the radiators axes. At 160 MHz, as
the radiator axis is close to the neck, the maximum shifts toward the
neck, as also observed for far-field exposures {18) A frequency of
350 MHz appears to be the most advantageous from the three frequencies
investigated in terms of the SAR distribution pattern that may be
desirable for local hyperthermia. At this frequency a rescnant dipole
with a reflector is more efficient than a resonmant slot with a
reflecior in terms of coupling the energy to the tissua.

CONCLUSIONS

A computer-controlled scanning system and an implantable
electric field probe were used to obtain the specific absorption rate
(SAR) profiles in an electrically homogereous model of man exposed in
the near-field of simple rodiators. Experiments performed at three
frequencies (160, 350 and 915 MHz) with resonant dipoles and slots,
both with metal reflectors, indicated localized energy deposition
dependent on the frequency and type of radfator. All the frequencies
investigated the SAR on the radiator axis decreased exponentially with
distance away from the body surface. The most promising for
hyperthermia applications were the SAR patterns obtained at 350 MHz for
a rescnant dipole with a reflector. This exposure situation was
characterized by small reflections from the body surface, reasonable
penetration depth and the maximum SAR on the antenna axis. Information
presented here can be further extended into multiple radiators and
nonhomogenous models for design of efficient hyperthermia applicators.

The infoermation on the SAR distributions can also be utilized
to assess potential health hazards due to exposure t*o portable
transmitters or leaky sources. A resonant dipole with a reflector may
be considered as the worst case (the best energy coupling to the body)
of exposure to portable transmitters, and a resonant slot with a
reflector as a typical representative of leaky sources (e.g. a
transmitter cabinet). For this purpose the values of the SAR obtained
can be compared to the values recommended, for instance, in the U.S. |
ANST standard [19).
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I, INTRODLITION

S

Recent progress in telecommunications technology and
applications has resulted in wide spread and continuously growing use
of portable and mobile radio transmitters. One aspect of these
developments is the resuiting exposure to radiofrequency fields, and
consequently, a need to assess the safety of the device user.

The dose rate, or the rate at which radiofrequency (RF)
electromagnetic energy is imparted into the body, defined as the
specific absorption rate (SAR), is wused in quantifying biological
effects and formulating standards on exposure to RF fields (1,2}, 1t
is also recognized that the spatial distribution of the SAR within the
exposed bedy, and in so'me interactions also other parameters play an
essential role [3].

Numerical methods have been developed to calcuylate the SAR
distribution in very simplified block models of mon {4-6), and in a
more realistic model {7}, both in the far-field, The more realistic
mode]l has also been employed for evaluation of the SAR distribution in
the near-field, when there is nro coupling between the radiation source
and the irradiated object { 8]. Several recent reviews have surmarized
the somputational methods f 9-11,.

The SAR distribution can also be deterxined experimentally,
usually in scaled down models of man by themeography 12, or by
wmplantabie electric field probes.

Because of the geometrical and electrical complexity of the
humae  bedy,  the spatial distribution of the SAR resulting from

exposures in the near-field of antennas, as in the case for portable
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transmitters, is difficult to determine by analytical or experimental
methods. The tensor integral method has been used to calculate the SAR
distribution in a block model of man consisting of 180 cells exposed to
3 resonant dipole in the necar field with mutual coupling between the
antennas and body due to their close proximity {13,14]. A
computer-controlted measurement-system and implantable electric field
probes were utilized in obtaining detaiied maps of the SAR in a

full-scale model of the human body [15,16 ).

In this paper we present the calculations and measurements of
the spatial distribution and average SARs for various bedy parts for a

full-scale model of man exposed in the near field of a resonant dipole

at 350 MHz, The frequency of 350 MHz was selected because of the

previously reported .resonance of the head {17], and because it is

relatively close to the frequencies used in FM portableimobile radio

(403-430 MHz}., The results obtained by the two methods are compared,

and limitations and advantages of both methods are outlined,

11, CALCULATIONS
The electric fields and therefore the SAR distribution inside

a model of the human body near a dipole antenna are calculated by the

tensor integral method described in detail in *13) and priefl; in (14

The human dlock model consists of 180 cubical cells of varying sizes

arranged to best fit the contour of a 70 g man 7.. 3ecause of bedy

symnetry, only tnc values witrin one half of the hedy ice preseated. A

thin resonant dipole is located close to the head in a location whese

ceorutnites are qiven in Table 1. Other essential exposure end rodel

pareneters are also summarized in fable !
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I11. MEASUREMENTS

The electric field intensity was measured, and the SAR
subsequently calculated in more than 650 locations within half of the
model of the human body. An implantable isotropic electric field
probe, EIT, model 979 (manufactured by Electron_ic Instrumentation and
Technology, Inc., 1439 Sheppard Ave., Sterling, VA 22170) was used.
The probe was fully evalvated and calibrated prior to the experiment
1181 and the calibration was spot checked during the measurements. The
computer-controlled scanning system [15,16] performed a set of
measurements at ¢50 locations in less than 1.5 hours. The
repcatability of the SAR measurements was better than 0.5 dB, as
tested on up to 15 repetitions under various power levels and on

varicus days. The uncertainty of the SAR determination was estimated

to be approximately #! d8. The main contribution to the SAR T

el

)

measurement uncertainty was due to the limitations of performance of :."
the electric field probe and its calibration [18) Each data point ;;.,
T

presented in this paper is an average of four to five measurements,

A fuli-scale model of an amatomically proportional average ;‘:f.‘-
:--:..
nan (175 cm, 70 kg based on a plastic model Remcal, manufactured by -3

-

Alderson Research Lab. Inc., Stamford, Conneticut) was made of low

e

s

density Styrofoam sheets 2.5 cm thick, which were glued together. The

[N
wtaly

model was positioned horizontally (face up} in an anechoic chamber

b

(dimensions 4.6 x 3 x 2.1 m). The antenna was placed under the model,

iR,

and the electric field probe was immersed in the model from its top.

. 0

The distance between the chamber floor, which was covered with RF

A

absorber, and the antenna was 60 c¢m (from the absorber); the distance




between the mold and the chamber walls and ceiling was 1.5 m or more.

The reflections from the chamber walis, floor and ceiling were

measured, and were found to-be below -20 dB at a frequency of 350 MHz,
The mold was partly open in the torsn area, and holes large
enough for inserting the probe were drilled in other locations, more

details about the mold are given elsewhere [16]). The mold was filled

with a low viscosity (to facilitate probe immersion) mixture having
average tissue properties (2/3 muscle tissue) at a frequency of 350 MHz
{Table 1). Essential model
Table 1,

and exposure parameters are given in

The resonant dipole was shortened to 0.43), to achieve

matching to a 502 transmission line, The dipole input VSWR was less

than 1,2 with the model of man placed at a distance of 8 cm,

I¥. RESULTS AND DISCUSSION

The measured local values of the SAR in the center

cross-section of the model (dashed lines) are compared with the

calculated SAR values in the corresponding cells (solid-line bars), as

fllustrated in Figure 1, The contours of the two models were matched

along the main axis of the body. A small difference {less than 3%) in

the height of the two models (see Table 1) resulted mainly from the

curvature of the head. When the measured location was on the border of

two cells or very close to it, the average SAR for the two cells was

utilized for the comparison. Both the calculated and the measured SAR

values were normalized to 1 ¥ input power to the dipole. It can be

seen that the theoretical and measured SARs in the neck region in the

center of the body are in reascnably good agreement., However, overall,

the spatial distribution of the SAR predictad by the calculation is
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significantly different from the measured values, with differences of

an order of magnitude at some locations (notice the logarithmic scale).
This may be an unfair comparison, as the local values of the SAR within
spheres of a diameter of 0.9 cm (the probe dfameter) are compared with
the average values in cubes of approximately 7 cm (the average cell
size). In the comparisons that follow the calculated values are
compared with the measured values averaged over certain volumes.

Figure 2 shows a comparison of the spatially averaged
calculated and measured SARs along two selected body axes. The SAR
values ars, in both cases, averaged over the tissue volume contained
between the body surfaces in the direction of the wave propagation.
This means Ehat the values are the averages over two or three cells,
except in the legs, for the calculated SARs, and the averages over the
cylindrical volume of 0.9-cm diameter for the m2asured SARs. Since the
probe did not penetrate to the very bottom of the back surface of the
mold appropriate curves (exponential} were fitted to the measurement
points using the least-square method to calculate SARs at the model
surface. These data points together with the measured SAR values were
used to calculate the average SARs,

The general shape of both spatial distributions 1looks
similar, It is clear that the theory does not predict to the same
extent an increase in the SAR in the neck region. However the largest
differences between the predicted and measured values are about £ to 6
tires rather than 10, as it was for the previous comparison (see
Figure 1),

A much betier agreement between the theory and the experiment

can be seen in the SAR values averaged over the horizoatal tissue
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layers presented in Figure 3. The arms are not included in these
averages. The calculations in this case underestimate-the maximum SAR

in the neck by a factor of three.

The whole-body average SARs calculated and measured are 7.9 e

and 6.3#1,2 mW/kg, respectively. The difference is within the

uncertainty of measarements (becavse of the extrapolation involved the by
accuracy of the whole-body average estimated at +25% is much worse than %‘%
that of the local SARs) and can be attributed to the difference in the E
distance between the dipole and the body in the calculations and ’E
experiment (7.3 vs. 8 cm). As an cxample of regional SAR differences, %‘:
the head/neck area calculated average SAR is 17 mW/kg, while the gﬁ
measured value is 28 mW/kg. The difference in this case is relatively .’-.‘Z‘
large, but consistent with previousiy noted differences in the spatial ge
distribution of the SAR. The SAR in the neck is extremely sensitive to &
the shape of the neck., E
A very important feature of the RF energy deposition in the k“'

human body 1in the near-field of radiators at 350 MHz, which 1is not "
evident from the analysis of the block model of man, is illustrated in r
Figure 4, This figure shows the SAR in the torso on the center point f:::
of the dipole along the direction of the wave propagatfon. The dipole :
center point is located at 38 cm from the head top. The wave is :'
incident at the torso wall at z = 20 cm and the torso extends to
approximately z = 0. The vertical columns show the calculated SAR in ::::
thke three body cells, the points shcw the experimental data, The E
dashed line represents a least-square fit of an expvnential g,’
3

c ~
relationship g




SAR = A exp (-a 2) (1)

Two important observations can be made. Firstly, at a frequency of 350
MHz the SAR decreases exponentially in the torso within abnut one-half
of the torso width., Beyond that point the SAR values are very low,

more than 100 times below those on the surface. Furthermore, the

attenuation coefficient, = = 0,46 + 0.01 is, within the fitting error,

2SR R NI

7,

equal to that calculated for the planar model with electrical
properties of the tissue simulating material, <« = 0.49 % 0.02.
Secondly, the theory does not show the decrcase of the SAR with
distance away from the plane of the incident wavefront. It is apparent
from Figure 4, that the average SARs for the layers of about 7 cm

corresponding to the cells width are significantly different,

g X

= particularly for the two outer cells, The exponential decay in the SAR
‘;‘\j fs typical for other locations along the torso and the head. Only in
i the 'center of the neck, 150 cm from the feet base, can an increase in
Zf.'_ the SAR close to the neck center be observed (Figure 5). The SAR close
F. to the neck center is approximately 50 nM/kg, as compared with :140
‘_‘ mi¥/kg at the nech surface and the average SAR of 115 md/kg for the

cylinder of 0.9 cm in diameter on the neck axis between the neck

v surface of the wave incidence and the opposite surface.

L Our results are to certain extent different from the
L_% previously reported agreement between the calculated and measured SAR
~% . . . : .

3 distributions [ 4-€ % However, the comparisons were done for much
o}

y simpler shapes and different exposure conditions. The reported
b agreement s even more impressive in view of a relatively cimple
Il::

e
{



electric field probe that wes used for the measurements reported in .
{4,6]. On the other hand for more realistic models, for some regions
such as the neck, differences of the order of 10 to 20 between the
calculated and measured values of the SAR were previously reported {7},
We feel that the differences between the calculated and the
measured values of the SAR are due to the limitations of the
calculations, because the accuracy of the measurements was verified
using simple geometrical bodfes {19]. Although it was stipulated that
the analysis of the block model of man can be used up to 500 MHz [4-7),
the 1imits on the cell size were suggested {20}, The cell size used in
our calculations is greater than the suggested limit [20].
Fyrthermore, other defiFiencies of the numerical analysis using the
cubical block model 9f man in calculating the SAR distribution have
recently been suggested [21), These, however, have also been

questioned [22).

. V. CONCLUSIONS
The specific absorptiow rate (SAR) averaged over various body
volumes and the spatial distributions of the SAR calculated and
measured were compared for the near-fieid exposure by a resonant dipole
at 350 MH2, The calculations were performed using the method of

moments to solve the tensor integral equations for a block model of man

consisting of total of 180 cubicai cells, A computer-controlled

1)
scanning system and an implantable electric field probe were used to E;Q
R
nmeasure local values of the SAR in 650 locations within half of the ﬁ:f

model of 3 human hody with an uncertainly of approximately +1 dB.

The whole-body average SARS obtained by both methods are in @




10

good agreement, The values of the SAR averaged over smaller volumes

and the spatial distribution of the SAR are different by factors

ranging from 3 to 10, The theoretical amalysis does not predict an

7 Eatatatataln

exponential decrease in the SAR values in the direction of the wave
propagation away from the surface upon which the wave is incident.
Relatively 1large spatiz) gradients of the SAR are similarly not
apparent from the calculations.

The main limitations of the calculations result from a
relatively small number of blocks and the resulting relatively large
size of the blocks as compared to the wavelength in the tissue [20],
Furthermore, limited accuracy is inherent in the metnod employed {21].
Differences in the shapes of the models may play some role, but
probably less significant than the other factors. The neck may be
considered as the region where shape differences have been sufficiently
large, to affect the SAR,

In view of the computational difficulties in extending the

available theoretical metheds to more refined realistic rodels of the ,;i
human bedy, at present experimental methods appears to be a viable 5:'.:}\.
alternative for determination of the spatial distribution of the SAR in =
models of humans exposed in the near-field of radiofrequency antennas. {
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FIGURE CAPTIONS

1. Comparison of the specific absorption rate {SAR) calculated and
measured along selected axis shown by vertical dashed lines. Blocks
represent the calculated values, while the measured values are
depicted by horizontal dashed lines, for f = 350 MHz, 1 W input
power to the antenna, E polarization, and for the location of

the dipole given in Table 1.

2. Comparison of the calculated and measured specific absorption

rate (SAR) averaged along the direction of the wave propagation

(perpendicular to the axis of the body). The blocks show the gg
calculated values, averaged over the cells in the direction of Eg
wave propagation,-and the points represent the measured data g if
averaged over cylinders 0.9 cm in diameter, for f = 350 MHz, 1 W t&
input power to the antenna, £ pslarization, and for the location tﬁ
of the dipole given in Table 1, Py

.

TP

%

Al

3. Comparison of the specific absorption rate (SAR) averaged over ki
",'\

horizontal tissue layers, The blocks show the calculated values, hg

and the points the measured data, for f = 350 MHz, 1 % input

e

o qmerr v v v e ey ey
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power to the antenna, E polarization, and for the location

of the dipole given in Table 1.

4, The specific absorption rate (SAR) on the dipole axis in the
torso, The blocks show the calculated values, the points the

measured data, the straight line shows the least square fit into




5.

12

data points for 2 > 8 cm of the curve SAR = A exp (-« 2). The
body surface at which the wave is incident is at z = 20 cm,

and the wave propagates toward z = 0, with f = 350 MHz, 1 W input
power to the antenna, E polarization, and for the location of

the dipole given in Table 1.

The specific absorption rate (SAR) in the neck, The points show
the measured data at the height 150 cm from the feet base, the
neck surface at which the wave is incident is at z = 12 cm, and
the wave propagates toward z = 0, with f = 350 MHz, 1 W input
power to the antenna, t polarization, and for the location of

the dipole given in Table 1.
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Table 1.

Essentfal Model and Exposure Paramcters

PP
R,

;;3
Parameter Caleulations Experiment ’
Frequeniy 350 MHz 350 MHz
Actual dipole length 0.5 X 0.43 2
Dipole length/radius 200 m?
Input impedance 48.3 @ 50 @
Distance from the body 7.3 ¢cm 8§ cm
Distance dipole axis/head . 348 cm 38 ¢m
top (vertically)
Model hfight ' 170 ¢m 175 cm E
35 Bielectric constant 31 37 2§
-3 X1
i Conductivity 0.95 $/m 0.95 S/m b3
3 2
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ENERGY DEPOSITION IN A MODEL OF MAN;

FREQUENCY EFFECTS

S.S. Stuchly, M.A. Stuchly*, A Kraszewski and G. Hartsgrove
Dept, of Electrical Eng., University of Ottawa, Ottawa, Oat. Canada

*Radiation Protection Bureau, Health and Welfare Canada, QOttawa, Ont, Canada

SASALCIS oA RO

ABSTRACT
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A computer-controlled scanning system and implantable, nonperturb-
ing electric field probes were used to measure spatial distridutions of the

2o,

éﬁ electric field fn a full scale homogeneous model of a human body, The mea-
surements were performed at three frequencies (160, 350 and 915 MHz) ia the
E; far-field and in the near-field of resonant dipoles. The specific absorp- gﬁ
;? tion rate (SAR) distributions and the averages for body parts and the whole q;)
1§ body are analyzed as.functionl of frequency, In the far-field, the SAR ?5
decreases exponentially in the direction of wave propagation in the torso at
N all frequencies, and large gradients of the SAR are observed along the body
Eﬁ main axis, particularly for the E polarization, At 160 and 350 MHz high
;j local SARs are produced in the neck, It appears that for plane wave expo-

sures the ratio of the peak SAR to the whole-body average SAR does not ex-
ceed 20, In the near field, large SAR gradients are also produced, and the
ratios of the peak spatial SAR to the whole-body average SAR vary from about »

30 to 250 depending on the frequency and polarization. It is suggested that It
for near-field exposures the whole-body average SAR is not a proper dosi-

pr

',

metric measure, and the SAR averaged over any 0.1 of the tissue volume is

o),
"5

v
g

recommended instead,
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I. INTRODUCTION

To quantify interactions of radio waves with biological systems,
it is important to know both spatial distributions and average values of the
specific absorption rate, SAR, [1]. Various theorstical and experimental
methods have been developed and used for this purpose, as reviewed elsewhere
{2-4), Recently, an experimental technique, which utilizes iaplantable
nonperturbing electric field probes and a computer-controlled scanning sys~
tem, was used to obtain SAR distributions in a full scale model of man at
350 MHz in the far-field [5], and at 350 MHz and 915 MHz in the near-field
{6,7). A homogeneous model certainly has some limitations, particularly at
915 MHz, where for instance layered structure has been shown to increase
absorption efficiency [8].

In this paper we report new results of measurements at 160 Mz in
the far- and the near-fields, tha far-field measurements at 915 MHz and
discuss effects of frequency on the SAR distribution and various SAR avera~
ges at the three frequencies investigated, namely 160, 350 and 915 MHz. The
average values and spatial distributions of the SAR in the far-field are

also compared with the previously published theoretical and experimental

data,

II. MEASUREMENT METHOD

The measurement system was described in our earlier publications
[7,9]. Models of man were made of thin plastic (1.5 mm) (160 MHz and 915
MHz) or low density styrofoam (350 MHz). The dimensions of the model cor~
responded to a S0 percentile man (175 c¢m, 70 kg). The models were filled

with a semi-liquid tissue-equivalent material having electrical properties




-2~ . .
given in Table 1, corresponding tr those of the average tissue at a given
test frequency. More details about the modés are given in (7],

All weasurements were performed in an anechoic chamber. The re-

flections were less than -16 dB at frequencies above 100 Miz.

Far~-field exposure conditions were produced by ant located

OO

ala)

at sufficiently large distances from the model surface, The power density

at the model location was asasured with an uncertainty of about 10% without

x4

»

the model in place., Since the antennas produced non-planar wavefronts,

I

corrections were introduced to normalize the SAR data to | aW/cm? of the 5:.\
3

incident power on the model surface closest to the antennas as described F:?,

,,‘

elsewhere {7]. For resonant dipoles the spatial distribution of the fields

was calculated from using well known analytical exprassions and incorpor-

QI RCPOVTSONTRERER P AR

ated into the data processing routine as a correction factor, ‘rhc‘outicnl '_{.:

calculations were slso verified experimentally, o

For measurements in the near-field, resonant dipoles were posi- “%

"g tioned as i{llustrated in Fig., l. Two polarizations were used, For the E EEE
¥ polarization the antenna was placed parallel to the long body axis while for t

the H polarization the antenna was positioned perpendicular to the axis,
shoulder~-to-shoulder, Table 2 gives the geometrical coordinates and charac-
teristics of the antennas,

The SAR was calculated using the three components of the electric
field which were measured with an electric field probe as described in {7].
The estimated uncertainty of measurements of local SARs was about 12%, and
of average SARs about 25%, The latter uncertainty fncludes both the uncer-

tainty in measurements and in calculation of averages using a finite number

 FIh 'WATACIOTOLIR | AR L MR ML CREY | FPLDLPERLIMA
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of measurement points, The values of the SARs for each exposure were deter~
mined in approximately 650 points within one-half of the model, 1)

In order to calculate the averages for the body parts and the
whole body averages the model was divided into 23 slices perpendicular to
the main body axis as shown in Fig. 1, In each slice, the field aeasure~
ments were done in several locations as described in Table 3. In each of
the test locations electric fields were measured in several points, separa-
ted by 1 cm, along the direction of propsgation. Due to the mechanical and
electrical limitations of the model and the electric field probes it was not
possible to probe the fields very close to the irradiated surface of the
model (closer than 1 to 2 ca) and therefore, the electric fields on and in
the immediate vicinity of the irradiated surface were obtained by extrapoia-
tion of the fields measured deeper in the model. Since in the majority of
the test locations the electric fields decay exponentially (see Table 4) a
simple expression E2 = Ej? exp (-az) vas used, where Eo is the electric
field on the irradiated surface, a is the attenuation coefficient (see Table
4) and z is the distance along the direction of propagation. In a few test
locations a linear or a polynomial extrapolation was found to be more appro-~
priate, Although the curvature of the body can potentially affect the SAR
close to the surface, we were not able to notice such behaviour for the
homogeneous model.

By selecting an appropriate number of points in the direction of
wave propagation in each of the test locations (Fig. 1), the model was divi~
ded into 4x4x] cm and 10x10xl cm blocks, The average SARs were calculated
in each block and then partial body SARs were calculated. The average whole

body SARs were obtained using the "rule of nines” which gives an estimate of

T} The model was assumed to be symmetrical with respect to the main plane.
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the contributions of various parts to the total weight of the human body

(see Table 3){10].
III., FAR-FIELD EXPOSURES

At all test frequencies an exponential decay of the SAR in the
torso in the direction of the wave propagation was observed, The attenua-
tion coefficient was found equal to that of a plane wave propagating in a
gseni-infinite slab having the same electrical properties as the torso. The
pertinent data are summarized in Table 4, However, the SAR distribution
along the main hody axis is much more complex, and even a relatively sophis-
ticated cnliylis utilizing a block model of man consisting of a few hundred
cells does not provide reliable data as found at 350 MHz (S].

Figure 2 illustrates maximum values of the SAR anywhers on the
body surface, for two polarizations!). At 915 MHz the maximum SAR on the
surface is not much different for the two polarizations. At 160 MHz and 350
MHz for the E polarization high SARs occur on the surface of the neck,
However, for the torso the SARs on the surface are not much different at all
three frequencies,

In general, for the E polarization at all test frequencies (and it
may be inferred at all frequencies between 160 and 915 MHz), higher than
whole~body average SARs are deposited in the neck. The location and magni-

tude of the maximur is, frequency dependent, Figure 3 shows the SAR distri-

T) The data on the surface were obtained by extrapolacion of the data mea-
sured inside the model at several depths,
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bution along the main body axis for the E polarization., The mean values
averaged over th%e tissue slices perpendicular to the mkin body axis are
shown, The mean SAR in the neck decreases with frequency from about 1000
mW/kg at 160 MHz to about 70 mW/kg at 915 MHz for an incident power density
of | mW/em?, The high mean SAR values do not necessarily reflect high SARs
("hot spots”) in the center of the neck, as illustrated in Figures 4 and 5.
For instance, at 350 MHz the maximum SAR of over 400 mW/kg is located in the
neck center, as compared with che mean of about 200 mW/kg, while at 160 Mz
the SAR in the neck center is 900 uW/kg while the mean is 1000 mW/kg.

Figures 3 and 4 also illustrate that relatively high SARs are
produced in the legs, This is even more clearly visible from Figure 6 show-
ing contributions of rates of energy deposition in various parts of the body
as a fraction of the whole body average power absorbed, A conclusion can be
drawn, that at all frequei .- 2s higher SARs are produced in the legs than in
the torso (the weight of the legs is equal to that of the whole torso, see
Table 3).

Figure 7 shows the whole~body average and the head-neck average
SARs, It can be seen that 2 to 2.5 times greater rates of energy deposition
occur in the head at 160 and 350 MHz, but not at 915 MHz, and only for the E
polarization, The latter data are compared in Table 5 and Figure 8 with

theoretical results published earlier [i1-13],
1V. NEAR-FIELD EXPOSURES

Similarly as in the far-field, the SAR on the dipole axis decays

exponentially in the direction of propagation with an attenuation coeffi-
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cient very close to that of a plane wave, see Figure 9 and Table 4, This

behaviour is characteristic for resonant dipoles placed at distances of one

tenth or more from the body surface, as analyzed in detail at 350 MHz in

[6). For other types of antennas the situation can be different because of

t‘ the amount of energy contained in evanescent waves {14]. The maximum SAR on
F" the body surface is on or very close to the antenna axis, The frequency
g dependence of the maximum SAR on the body surface (shown in Figure 9 for the
:.1 E-polarization; similar values of the SAR on the body surface were also
:':E obtained for the H polarization) is quite different from that in the far-

field (Figure 2), The differences in the normalized distances batween the

antenna and the body surface at all three frequencies are small (0,09 to

0.15 A, Table 2), so these differ cannot t for the differences in
the SARs. ;\
Figures 10 and 11 show the local values of the SAR in the body E{'
mid-plane at three frequencies, for the E and H polarizations, respectively. t;
! At all frequencies coupling of energy is stronger in the E polarization P
"~ (Figure 10) than in the H polarization (Figure 11) by a factor from about 4 {..
:.'} to 10. Generally, the energy is deposited in the tissue relatively close to '23
g the antenna at much greater rates than in remote parts of the body, e.g. %.:
\'- legs., As may be expected, the lower the frequency the more energy deposited L}

LY
further away from the antenna. N

L LI
™

Figure 12 shows the SARs averaged over tissue slices perpendicular

>,

to the main body axis for resonant dipoles in the E-polarization, The maxi-

& r‘:_:
&
::'2 mum SAR in the tissue slice is produced in the slice facinz the antenna axis ':',:_
b} *
E for the H polarization and the E polarization in all cases except when the £
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antenna is located close to the neck at 160 and 350 MHz. There is no appa-

ot

<,

rent correlation in the shape of the SAR distributions along the main body

'«‘».z

axis and the frequency, Similarly, the maximum SAR in the tissue slice

g

(Figure 13) does not appear to be correlated with frequency or polarization. l__e.g
S
However, there is an apparent correlation between the SAR profiles in the ::3:‘1
7y
:34

‘ torso cross-sections perpendicular to the main bpdy axis and the frequency,

ok

as illustrated in Figure 14, This figure shows the 1iso-SAR curves for 500,

EXRARS
PLICHATS

100, 20 and 4 mW/kg for 1 W input power to the antenna, The data presented

WSl e

e

in this figure may be useful in designing applicators for inducing hyper-

thermia {n various voluames of tissue by use of radiofrequency energy.

In the near-field most energy is deposited in the tissue volume

close to the antenna location, This is clearly shown in Figures 12 and 15,

R TAENAD

w22

At all three frequencies, the dipoles were placed in the upper shoulder area

o

(Table 2), and consequently most of the energy was deposited jin the head-

>
[ A
“‘::j and-neck and upper torso, It is interesting to note, that as in the far-
o field at 160 and 350 MHz and the E polarization (Figure 7), the head-and-
'»::_: neck SARs are considerably greater than the whole-body-average SARs (Figure
o

P

PR o 1Y

15).

IV, DISCUSSION
A, Meagurement Method

E: ‘The experimental method used in this study was developed with the

E.‘,\ main objective of providing data on distributions of the SAR in the near- !
;:,, field of various devices, such as portable transmitters, leaky transmitter S
5Y y
>

cabinets, hyperthermia applicators, etc., For such applications the thermo-
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graphic dosimetry method (15, 16] has considerable limitations, The most
serious limitation is due to the required high radiated power, so that a
short exposure (about 208 [15]) is sufficient to obtain the required tempe-
rature increase in the tissue-equivalent materisl., Other limitations are
related to the difficulties in scaling near-field exposurs conditions for
more complex antennas, For far-field exposures the superiority of one
method over the other is debatable, as both have their advantages and limi-
tations, The thermographic technique, particularly with the improved itera-
tive computer data processing {15), provides a complete profile of the SAR

in any selected plane, However, in practical situations investigations are

AL
A S

AV

limited to one and sometimes two or three planes,

In the implantable electric field probe technique, measurements

are performed in various planes, but because of practicsl constraints elec-

&
S AL
§ tric fields are measured at a limited number of points and therefore the ggs
3 3
"

resolution in any cross-section is limited. As a consequence of the method

T

limitations, we have selected a large number of measurement points in ana-~

LS

tomically important locations such as the head, neck and torso, at the ex-

i
Cs
3 pense of s relatively small number of points in the legs and arms., The
i: selection was made arbitrarily, as we considered "hot spots” in the limbs of

less importance, The limited number of points has also affected the uncer-

tainty in calculated average SARs, For the worst case, f.e, whole body, the

legs, and the arms, an estimate is 25X, but for the head and neck and torso
it is 15%., The latter is determined to a large extent by the accuracy of

the electric field probe calibration of 12%,
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The implantable probe technique can also be used for inhomogeneous
models, as the probe calibration factor should not depend on the permitti-
vity of the material in which the probe is immersed; at least for insulated
probes [17]. However, s careful evaluation of the probe behaviour at inter-
faces between different tissues will have to be performed,

The accuracies of the two methods are &lmilar, as compared in
messurements of the SAR distribution in spheres [18,19]), In the thermo=
graphic method the measured peak SAR values are in some cases (for small
spheres) lower by about 20X than the actual values (18], In the
1nplant|b£e-probe method the peak SAR values are very accurately reproduced,
but some errors may be introduced when the probe size is large compared with

the object size {19].
Far-field Exposures

The exponential decrease of the SAR in the torso for far~field
exposures is a significant finding, indicating that at frequencies above 160
MHz a simple model can be used to predict theoretically the SAR distribution
in the direction of wave propagation, Although not explicitly analysed, the
exponential decay of the SAR was obgerved experimentally oy others at 1,29
and 2 GHz [20, 21]). At these frequencies, and at 915 MHz, as indicated by
our measurements, the SAR in the head and the legs also decays exponential-
ly for a homogeneous model, This would indicate that simple calculations

can be used to account for tissue layering, i.e., the skin, bone, fat, etc,
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At all frequencies, there are gradients of the SAR along the main
body axis, In the far-field these gradients are much greater for the
E-polarization than the H polarization at all test frequencles, This obser-
vation is in agreement with the experimental data obtained thermographically
at 450 MHz (15). For all test frequencies which are above the whole~body
resonant frequency of about 80 MHz (2,11,13] for the E polarization in the
far-field, there appears to be certain consistency in the SAR distribution.
When rates of energy deposition in the body parts (Fig. 6), the tissue
layer average SARs (Fig., 3) and the local values of the SAR in the body
aid-section (Fig, 4) are ;crutinized, it is apparent that large SARs are
produced in the head-and-neck, and the legs. Also large SARs occur at 160
and 350, but not at 915 MHz, in the arms, These observations are again
consistent with the data at 450 MHz [15].

The mean SAR in the slice about 4 ca thick in the neck is about 10
times greater then the whole~body average SAR at 160 MHz, about 5 times at
350 MHz, and about 3 times at 915 MHz for the E polarization, Only in the
legs and possibly arms (not investigated in detail) at 350 and 915 MHz are
the SARs in the slices comparably large., It is also interesting to note,
that the distribution of the SAR across the rneck is strongly frequency de-

pendent (Fig. 5). While the mean SAR in the neck at 350 MHz is less than at

160 MHz, the maximum SAR is produced close to the center, The value of the
SAR in the neck center at 350 MHz is about 400 mW/kg at 1 aW/cm2 of the

incident power. At 160 MHz the maximum SAR is of 1,67 W/kg occurs on the

o

surface while it is about 0,9 W/kg in the center (Fig. 5).
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It appears that at frequencies above 160 MHz in the far-field,
in spite of large SAR gradients, local values of the SAR are only up. to
about 20 times the whole-body average SAR. The condition on which the ANSI
exposure standard [22] is based, {.e., the peak local SAR less than 8 W/kg,
is not exceeded at least for a homogeneous model, This is to a lurqc extent
due to low whole-body average SARs, below 0.1l W/kg, at those frequencies.
The results obtained at frequencies between 160 and 915 Miz, suggest that
investigations of the SAR distribution should be carried out also below 160
MHz, close to the resonant frequency of the body, At those frequencies the
SARs in the neck may reach even higher values. Presently available theory
offers little guidance in this respect, As it may be seen from Table 5, the
head and neck SAR at 160 MHz estimated from calculations [l1) is 3 to §
times lower than the measurad value, A good agreement betwesen the
calculations and measurements for head and neck at one fraquency (350 MHz,
Table 5) does not provide a solid argument for the accuracy of the
calculations.

The measured whole=' ‘erage SARs (Fig, 8) are relatively close
to the calculated values for spheroidal models (2, 13}, Figure 8 depicts
the theoretical predictions for an average and ectomorphic man, our experi-
mental data (at 160, 350, 915 MHz) and those reported by others (40 MHz
(23], 450 MHz [15), 1.29 GHz [14) and 2 GHz [21]). The data point at 2 GHz
appears to be highly questionable, large errors were likely as a result of
calculation of the average based on a relatively small number of points
[21). For both polarizations (E and H) the measured SAR is higher than the

predicted (our data points at 350 and 915 MHz are somewhat lower; it may be
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due to the uncertainties in our calculations of the average SAR in- the legs,

whose contribution to the total SAR increases with frequency, as shown in

Fig. 6). As pointed out previously [15], when a large part of energy is
absorbed in the legs (Fig. 6), the shape of the model plays significant role
in determining the average SAR., A spheroid is obviously very different in
shape, Less apparent but equally important are the differences in the shape
between the block model of man and the actual man geowmetry, particularly

when a small number of cells are used to represent the legs.
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C. Near-field Ezposuree

At all frequencies investigated for near-field exposures with the
antenna-body surface separation of about one tenth of the free-space wave-
length, energy deposition is mostly concentrated within a limited volume,
close to the antenna, i.e. for the positions of the antennas reported here
in the neck~head and upper torso (Fig., 15), The width of the SAR distribu~
tion (Figures 10, 11, 12) is not strongly dependent on frequency., At two
frequencies (160 and 350 MHz) for the E polarization the maximum SAR is
shifted off the antenna axis toward the neck, when the ‘ntonnl axis is posi-
tioned on the shoulder level (similarly to the far-field exposure),

For resonant dipoles in the H-polarization the SARs in the neck-
head region are comparable with the whole-body averages (Fig. 15). However,
in the E polarization, at 160 and 350 MHz, the SAR in the head-and-neck is
about five times greater than the whole-body average. Because of highly
localized energy deposition for near-field exposures, in our view the whole-
body average SAR is not the most suitable parameter for quantification of
exposures. The SAR averaged over any 0.! of the body mass is suggested as a
better dosiuetric measure.

The maximum mean SARs in tissue slices (see Table 3) is between
10 to 30 times greater than the whole-body average SAR (Figures 13 an 15).

There {s no consistent frequency dependence.
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The ratio of the local peak SAR to the whole body average SAR can
be very high at all frequencies and both polarizations, The ratio increases
with frequency from about 30 to 140 at 160 MHz, to 150 to 190 at 350 MHz, to
200 to 250 at 915 MHz. The local peak SARs are invariably at the body sur-
face.

As indicated in our earlier publications [6, /], the high SARs at
the hody surface at 350 and 915 Miz, as compared with the whole-body avera-
ges results in. the ANSI peak local limit of 8 W/kg [22) being exceeded for
very moderate levels of input power to the antennas, while large antenna
power is required to exceed the average SAR limit of 0.4 W/kg [22). The
situation is less critical at 160 MHz for a resonant dipole, however this
conclusion must not be extended to other types of antennas, It was earlier
indicated that antenna type, not only its gain, play a crucial role in how

efficiently the energy is coupled to the body [6].

D. General Remarks

The ANSI exposure standard ([22] was based on the theoretical pre~
diction that for plane waves the local peak SAR is about 20 or less times
the whole-body average SAR. Our experimental studies, at least at frequen-
cies above 160 MHz for a homogeneous model of man confirm this estimate.
This conclusion may not be valid for an inhomogeneous wmodel and also at
frequencies close to or below the resonance, There is actually already some
evidence for a man standing on a ground plane, the local SAR in the ankles
is more than 20 times the average at and below the resonance for the E

polarization {23]).
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In the near-field, the'whole-body average SAR may not be a proper
dosimetric measure, as most of the power is absorbed in a volume not greater
than one tenth of the total., Furthermors, because of very high ratios of
the peak- to-average SARs and the location of the peak SAR on the body sur-
face, the limits of exposure may have to be reevaluated, We suggest that
instead of the whole-body-average SAR, the SAR averaged over any 0.1 of the
tissue volume should not exceed a specified limit, whether the limit of 0.4
W/kg selected for the whole body exposures is applicable is a separate quas-
tion., The local peak SAR poses a more difficult problem, Some considera-
tion should be given regaéding its location, as the same SAR on the surface
of the eye for instance may have a dramatically different effect than on the
surface of the torso., Selection as a reference level of the SAR averaged
over 0.1 of the tissue volume instead of the whole-body avcrage would reduce
the peak-to-average ratio, for instance at 350 MHz, and E polarization from
about 150 to about 40, Additional difffculty in establishing exposure
limits for the near-fisld is due to the fact that practically all experi-

ments with animals have been performed in the far-field.
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FIGURE CAPTIONS

s,

1. Coordinates of the antenna shown here for the E polarization,

ol

2, Maximum SAR on the body surface for the far-field exposures to } mW/

cn?,

3. Mean SARs averaged over tissue slices perpendicular to the main body

axis, the far-field exposure in the E polarization,

R i R Y s I _ 2C RSP RS

4, Local values of the SAR in the mid-~section of a homogeneous model of

' %

nman exposed in the far-zield in the E polarization,

_,-,,
LA
'y

5. Spatial profiles of the SAR in the neck for tae far-field exposure in

Mot

the E polarization., The wave is incident at z = 12 cm in the direction

e

of negative z (neck diameter is 12 cm),

REOAPEESS LU
I !I

6. Energy deposition rates in various parts of the human body exposed in

the far-field of a power density of 1 mW/em? in the E-polarization.

The diameter of the circles corresponds to the whole-body-average SAR.

7. Whole-body-average (low density hatch) and the head-and-neck average

(high density hatch) SARs for far-field exposures to ! mW/cm2.

w
«
o
e
"y
B
i
X
)
"
-




AN [ §Te

e e TR Tr N

(3
.

DTN

LA

g
L

AR P P4

,
Ta

Cre
AR

gl

CA

(12}

(13)

(14)

115]

(1)

{17]

(18)

(19}

{20}

(21}

{22]

(23]

-17 - .

0.P, Gandhi, M.H. Hagmann and J.A. D'Andrea, "Part-body and multibody
effects on absorption of radio frequency electromagnetic energy by
animals and by models of man", Radio Sci., Vol. 14 (65), pp. 15-29,
1979.

C.H. Durney, C.C. Johnson, P.W, Barber, H. Massoudi, M.F. Islander,
J.L. Lords, D.K, Riper, S.J. Allen and J.C. Mitchell, "Radiofrequency
Radiation Dosimetry Handbook”, Second Edition, Report SAM~TR-78-22,
USAF School of Aerospace Medicine, Brooks Air Force Base, TX 78235,
1978,

I, Chatterjee, O.P. Gandhi, M.J. Hagman and A, Riazi, “Plane wave
spectrum approach to calculation of electromagnetic absorption under
near~-field exposure conditions”, Bioelectromagnetics, Vol. 1, pp.
363-377, 1980,

A.W. Guy, C.X, Chou and B, Neuhaus, "Average SAR and SAR distribution
in man exposed to 450 MHz radiofrequency radiation™, IEEE Trans.
Microwave Theory Tech., Vol., MIT-32, pp. 752-762, 1984,

A.We Guy, M,D, Webb and C.C. Sorensen, "Determination of power absorp-
tion in man exposed to high frequency electromagnetic fields by ther-
nographic measurements on scale models”, IEEE Trans. Biomed, Eng., Vol.
BME-23, pp. 361-371, 1976,

G.S. Smith, "A comparison of electrically short bare and insulated
probes for measuring the local radio frequency electric field in
biological systems", IEEE Trans., Biomed. Eng., Vol., BME-22, p. 477-483,
1975,

C.K. Chou and A.W. Guy, "Absorption of microwave energy by muscle
models and by birds of differing mass and geometry", J. Microwave
Power, Vol, 20, pp. 75-84, 1985,

G.H, Wong, S.S., Stuchly, A. Kraszewski and M.A. Stuchly, "Probing
electromagnetic fields in lossy spheres and cylinders”, IEEE Trans,
Microwave Theory Tech,, Vol, MIT-32, pp. 824-828, 1984,

R.G. Olsen, "Preliminary studies: far-field wmicrowave dosimetric
measurements of a full scale model of man", J. Microwave Power, Vol.
l4, pp. 383-388, 1979,

R.G., Olsen, "Far-field dosimetric measurements in a full-sized wman
model of 2 GHz", Bioelectromagnetics, Vol. 3, pp. 433-441, 1982,

ANSI C95,1-1982: “"American national standard safety levels with
respect to human exposure to radio frequency electromagnetic fields,
300 kHz to 100 GHz", IEEE Inc., New York, N.Y.

0,P. Gandhi, I. Chatterjee, D, Wu and Y.G. Gu, "Likelihood of high
rates of energy deposition in the human legs at the ANSI recommended
3~30 MHz RF safety levels™, Proc. IEEE, Vol, 73, no. 4, 1985,

l_\

R
s

yrw,
e

L

SRR ]

SIS

o

TR O L eod an o o S Pt e, | LS e R 1]




~

AT LB

S T
et e S i

Salel

i
o

8,

9.

12.

-19 -

Comparison of the calculated (lines) and measured (points) whole-body

average SARs, The lines show the limits of the SAR for spheroidal
nmodels of ectomorphic (dotted lines) and average (solid lines) wman;
dots and crosses show the measured SARs for the E polarization and the
H polarizations, respectively, Data points at 160, 350 and 915 MHz are
from our measurements, at 40 MHz from {21], at 450 MHz from (15]), at

1,2 GHz from (18] and at 2 GHz from {19].

The SAR in the direction of the wave propagation on the antenna axis
for exposures in the near field of resonant dipoles with reflectors in
the E polarization, Input power to the antenna 1 W, Antennas located
at A = 134 cm at 160 MHz, A = 103 cm at 350 MHz, and A = 107 cm at 915

MHz,

Local values of the SAR in the mid-section of a homogeneous model of
man exposed in the near field in the E polarization. Input power to

the antenna 1 W,

Local values of the SAR in the mid-section of a homogeneous model of
man exposed in the nuar field in the H polarization. Input power to

the antenna ! W,

Mean SARs averaged over tissue slices perpendicular to the main body
axis for the near field exposure in the E polarization. Input power to

the antenna 1 W,

L

tete NS

ot vl

i,
SR

e
ey

S,

el

2 b 50t




e B TR LT .

v ¢ e i ik

v s

At S A Nt a TRy e s T AL AN W T H L -

Tt

SR

380 2 e s

s

Y

»7 4WRL . 7L

s ard

-,

AW T T N T e (WLt

13.

14,
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Maximum SARs in the tissue slice perpendicular to the main body axis

for near field exposures. Input power to the antenna 1 W.

Equi-SAR lines of 500, 100, 20 and 4 mW/kg in the torso in the plane of
the antenna axis; exposures in the near field of resonant dipoles with
reflectors in the E polarization and IW of input power, Antennas lo-
cated at A = 134 cm at 160 MHz, A = 103 cm at 350 MHz, and A = 107 cm

at 915 MHz,

Whole-body average and head-and-neck average SARs for near-field expo-
sures with 1 W of input power to resonant dipoles with reflectors

located as shown in Figure 1 and described in detail in Table 2,
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Table 1 .

Electrical properties of tissue equivalent materials

Relative Plane wave
Frequency dielectric Conductivity, ¢ attenuation coeffi-]
MHz constant, ¢! (S/m) clent*, a (cm~!)
160 40 0.80 0,36
350 38 0.95 0,51
915 37 1.17 0.70

* Defined as a power ratio for a plane wave in a uniform and howmogeneous
dielectric,
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Table 2
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Table 3 :

Test grid of the full scale model (also see Fig, 1)

Slices 2

Part of the Thickness | Number Number of test Contribution to the \
body (cm) locations total body weight N
(rule of nines) % o

Head & neck 4 8 3 9 ﬁ;
Upper torso 10 3 5 18 :L-'
o, .I

Lower torso 10 3 7 18 §;',~',
Arns (both) 10 5 1 18 EE
Legs (both) 10 9 1 36 {-
&

*In one-half of the slice (body), perpendicular to the frontal surface of &

4

the body, within each location the electric field was measured in points
separated by 1 cm.
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Table 4
- Attenuation coefficients in the torsol)
3
! Experimnental values
o Frequency Polarization Plane wave Far-field Near-field )
I (MHz) (%3 sb) (%3 sp) (%3 sp)
&
3
% 160 E 0.34 +£ 0,01 0.32 £ 0,01
‘ 0.36 % 0.02
N 160 " 0,25 % 0,07 0,31 20,03
2
3 350 E 0.50 £0.03 | 0.46 0.02
2 0.51 * 0,02
350 H 0,49 * 0,02 0.515% 0,02
915 E 0.73 *£ 0,05 0,72 £ 0,04
0,70 % 0,02
915 H 0.72 % 0,02 0.63 0,04

1y pefined as a power ratio.

Table 2,

2) In a uniform and homogeneous dielectric,
3) Measured on the axis of the dipoles positioned as shown in Fig. 1 and
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Table 5

Comparison of the whole-body-average and head-and-neck average

2]

3 S&Rs for the far-fleld exposure to 1 mW/cm?
E
2
o
4
d Whole~body average SAR (mW/kg) | Head/neck average SAR (mW/k
. Frequency Polari~
o (MHz) zation This Theory Other This Theory
3 work techniques work
i 160 E 104.7 901) 234.2 45-802)
= 160 ] 29.2 193) 13.4
o
350 E 40,7 | 44.5h 102,2 1082)
g H 47w 27%) 41,2
« 450 E 33 | 46-50")
H 303 | 40-42")
915 E 30.4 ndy 32,0
915 H 49.3 389 54,8

1) Block-model of man [11]

2) Block-model of man (12)

3) Spheroidal model of man [13]

%) Thermographic measurements {15)
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INSTRUMENTATION FOR MEASUREMENTS OF
ELECTRIC FIELDS AT RADIO FREQUENCIES

M.A. Stuchly*, S,S, Stuchly, G.W, Hartsgrove,
x P

Jo acd A,

Departmect of Zlectrical Eogizeerizg,
Uaiversity of Ottava,
Ottava, Oatario, Cazada KIN NS

(613)564-3472

“Radiation Protection Buresu, Health & Welfare Cacada

Istreduction

Kaowledge of the spatial distridutioc of the
alectrie field arouad various objects and izside di-
electric objects i3 twportant 12 nuserous applica~
tions, Such applicatioss iaclude surveying cowplex
exposuze fields for evaluation and protection agaiast
health hezatde, weasutremeats of fields {a situ in
wodels of humazs and 1z animals for electromaguetic
dosimetric putposes, and of P
fields for IMI aad fiald geserated for EMC purpoees,
Dosimetric wmessuresants ars esseatial (a3 exposure
hazard ’ 1 of el cally

[Ty "era, a1 rqetn €841 camt
Arvtngyizee attewaton [ ld B3
[

3
% o

taduced hyperthernia and MR imagiag.

Numarous probes have beex daveloped for messure-~
wents of the electric sad wegoetic field strezgeth {2
aiv (1=6) snd dielectric wadia (2,6=9], Receat devel-
opsents include also probes cspsble for sisultscecus
neasuresents of the electric aod maguetic field
strength 1a atr [S). Prodes designed for msasurements
{z air ave of & relatively large sise (& fev centi-
saters {2 disseter) and are, {3 comsercisl versioss,
usually equipped wvith a meter of the total fleld
#trezyth.  Prodes fagesded for oessutemsnts of the

able probes) are cozstidarably szaller (usually less
1 ca. 1z diameter), ore zot zormally equipped
with a aeteriag device, and vhen used vith proper
{zscrunettation allov measuresent of all three spacial
conporects of the field, Implantable probes caz also
be used iz atr.

PP of elect gaetic fields {a atr or di=-
electric media, unless automated, s time cozsumizg
azd frequeatly inaccurars, [a this paper ve dascride
a cosputer-controlled scacaing systam for sutowmated
acasureneats of electric fields 13 alr asd dielectric
aedia,

The_Systes

A block diagram of the experizeztal system deve-
loped i= our laboratory is showz iz Figure 1, vhile
the exterzal vievs are showa iz Figures 2 acd 3.
Figure 2 shovs the scaanizg system vith a2 electric
field probe, a radiatizg antezza azd 3 model of a
husaa body {3 which electric flalds stresgths are
nessured. This parc of the system i3 placed iz a3
azechoic chaaber to avoid reflectioas of the radiated
RF ezergy. Figute 3 shows the operatizg cozsole.

the systen coasists of a coaputer-coztrolled
asechazieal scamzing systea, electric flald probes,
electrocie etrcultry isterfacizg che probes with the
cosputer, a alzicomputer, acd & source of the RF ecer~
gy vith sssociated anterzas. For aappisg of electric
fields iz wmodels of objects or sroucd 3hem, appro-
priata zodels are tequired. To avold {cterferezce
with reflectiocs of RF ezergy reflected by che sur-
roundizg objects, part of the system 18 placed iz az

Tigure 1. Block diagram of a computer-coutrolled

system for mappiag the electric flsld
strength,

Figute 2.  Radiofrequency part of the system acd a
#odel of the human budy, This part s

placed {a an snecholc chamber.

Figure 3. Operating console of svstem,
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hodc b as d iz Figure 2, The
source of the RF enargy is amplitude modulated et low
frequency (~500 Hz) and ics output level {s digitally
cootzolled by the cowputer,

The mechanical structure vhich supports sad posi-~
tious the electric field probe consists of thres inde=~
pendest guidisg slides iz thres mutually perpendicular
directions. The probe cag de placed ia asy location
vithiz a volume 1,9 % 0.5 x 0,45 w, usiag three step~
ping wotors, esch controlled by a sepsrate driver,
The system cag operats { a wanual or computer— super~
vised sode, Iz the macual sode the prodbe motion is
controlled by switches on & portable, haad-operated
uzits Selected coordfzates of the probe posftion are
stored {2 & file 12 the cosputer oesmory, foraisg & map
of operator-selected test points, Iz the computere
supetvised wode the probe scans sutomaticslly through
the selected set of poiats, The motlos~control uait
is based on a 8085 atcroprocessor lizked to a PP
11/34 atng s The y of the probe posi~
tton is within 20.01 s, The travel speed &s 0,42
an/s for a simple motion (a siugle coordizate changed)
acd 12 am/s for a composite motion (tvo or thres co~
ordizates chacged)(10].

Electroaic Circuitry

Az azalysts of the performance of cthe electric
f1eld probes izdicates that a significaat lsprovement
13 sensitivity csa be obtaized by using asaplitude
modulated RFf signals (11), Zor prodes used iz our
iavestigstions the sodulation frequency of 500 He vas®
selected (11

Threa versiocs of the electronic system wvers
developed and tested. An early versios shows iz Fi-
gure 4 consisted of three {zstrumeatation awplifiers,
4 sumaizg jucction, an active filter, & voltags to
{requescy cotverter, a line driver, az LED azd az
opeical=fider liak to the conputer,  This optical
{iber lizk bdrizgs cthe sigral fron tha aaplilfer out of
the azecholc chaader to & circult coctaisizg a fiber
optic rteceiver and & frequescy to voltage converter.
This voltage which represeats the electric fileld is
then sent to the POP/1134 where a3 A/D couverter ia-
puts the signal to the computer. In the next versioa
4 substitution of LT amplifiers for the fastrumenta~
tion amplifiers resulted 12z az iaprovement of the
sigaal to colse ratfo (S/N) of 7 dB. Ia the last
version shown {a Figure 5 flexidility of the system
acd lover S/N wvers achleved by use of an iategratad
optical=fider transsitter, which allovs for use of a
lock=13 aaplifier at the vecelviag ecd resultizg {a
narrow-band d lon without iapost excrene Te-
quirements o the stadility of the modulacing sigmal,
The system gaiz is adjustable up to 10%.

Electric Field Probes

Magy electric field probes etther desigzed for
operation iz atr {2,4,5] or {2 the dielectric media
(2,71 can be used iz our system, as lozg as they coz~
tat three indepezdezt aatezras loaded vwith datectiag
diodes azd conzected to the exterzal termizsls by high
resistazce leads, Alternatively, wagaetic fleld
prodes [6] can ba used, or vith some systea modiffca-
tioos, avez probes that =measure sf{aulzactecusly the
electric azd sagzetic field (5] caz also Ye esployed.
¥e have used three triaxfal electric f4eld prodes,
canely, a Holaday IME-0L, sz EIT 979, azd & NARDA
2608, The dianeters of these probes are 17, 9 azd 3
aaz, tespectively, The probes vere fully charscterized
i3 ceras of their sansitivity, zofse, dyzamic razge,
directiocal respozse azd modulation characteriscics,
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Seasitivity of the probes iz air as 2
fuactioz of frequezcy.




PCPLY b PONFRCI TR X3 0

R

(AR

3
1
L4

4

The sensitivity iz air of the threc prodes as a
function of frequeacy {s shown {a Figure 6 (11). The
sezsitivities at & few frequencies {o a dielectric
aediuz haviog a dielectric constant of adout 50 acd a
covductivity of about 1.5 S/m (except at 2,45 GHz

Table 1. Seasitivity of alectric field probes iz &
lossy dichc:uc sedium (¢350, osl.$ S/m),

18 Wi, /(V/R)2

vhere the conductivity s 2.3 S/u) are 2ed {2
Table 1, The sezsitivity of probes iz dielectric
media is detarmized by measuring the output voltage of
the electric fleld prode, placed at varicus locatioss
4z a sphere made of that dielectric sediua (the medium
{s vsually liquid or Jello contaised {2 a styrofoam
aold)s  The output sigoal s cowpared (usizg the
least~square f£it amethod) with theoretically values of
the electric fleld in the seme locations {12], The
sphere {3 irvadiated by & plane vave of a kiowa pover
dessity., A typical calibration cutve is shova fa
Figuta 7, The calculated values of the square of the
electric field stracgth ate shown dy the solid lice
vhile the dots depict Che meesuted velues,

Tigute 8 presects the relative secsitivity of the
NARDA prode as a fusctioc of the modulation frequescy
vith the taput ampiifier (Figure 5) havicg sa foput
restataace of 2,2 M0, The roll-off frequescy {a this
syston i3 cousideradbly higher than i{a a previously
used systea (11}, so that a frequezcy of modulaclon up
to about 2 kiiz cac be used. Mowever, except for the
INE-OLl prode, wodulatioz frequeacy higher than 500 Hz
does zot results i3 aoy laproveseats of the sigaal-to-
aoise rvatio (S/¥) (11].

‘Softvare
S2oiEars

The softvare used i3 the dats collection and
analysis cotsists of three prograss developed by oute
selves aod & sofcvare package puriaased for display of
centour sad oesh, vievs of the dsts. The f'tst pro-
ram callas MAP s used {2 conjuaction with tne hazd~
held ¢ostros unit dedving tha scannizg systea to !
vate 3 nap of coordizazes, iz map {3 stored o
disk file o the POP/Yide. The secoua prograa caliew
$TAY uses cthis sap ¢o automatically take electric
f1ald weasurenents at all of the stored locatlons.
Far each locatfon the electric field s oessured five
times azd averaged, The sase program also coutrols a
digital attecuac.r vhich {s usad to adjust the pover
to the aotesaa, {3 order to keep the signel froa the
amplifier iz a liatted, highly lizest racge, Each
X,¥,Z location acd the associated electric field
strezgth ave thea storsd {n agother disk file. The
thizd program called CHART allows us to display or
plot & graph of, for d4zstaace, the alectric fteld
streageh ve, distance (X,Y,2). The softvare purchased
fros Data Plottizg Services called DPICT provides the
capabiltty of displayizg the electzic field strecgth
or SAR, iz the fora of a coatour diagras of equi~
po:t::!;l lizes or as a 3-dinezsionsl represeztatiocn
(Fig. 9.

Experirental Results

Some of the recsnt re-~-1ls {llusgratizg the capa-
Yilities of the systea are presszted {= Figures 9 azd
10, Figure 9 shovs the square of the electric field
strezgth {2 n dialectric sphere (c's $0,0 » 1.8 S/2)
{rradiated by a plaze vave 3t 450 Mz azd ) Wleal,

Figure 10 deplets dosizetric daca obtatzed for a
full-size model of man exposed (= the zesr-Ileld of
resozazt dipoles. A dos{zetric measure, the speciiic
absorptioa rate (SAR), showz oz the abscisss, {3 de-
fized a3 the rate of ereargy absorptios 1= a usit mass,
azd {3 relaced o the electric field strecgch, {= situ
E(ras), acd the cozductivity of the mediva, ¢

SAR = c£?

Probe  Holaday £1T 979 * Navda
Treq Y LeE-01 2608
160 MHz 208 39 NA
350 s 146 3.1 0.8
918 A 4 11 0.5
2.45 GHg yA 13 0.8
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Figure 7,  Prode calibratios {1 & dielectric aster-
ial, The solid iize shows theorscical
values of the square of the electric fleld
strength acd the points shov the 3¢ n red
values. A sphere of 16 wa coatafzed
14quid haviag ¢'s50 azd osl,$ S/a AM vas
exposed to & place vave of 1 aW/ca? at 47$
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Tigura 9.  The squate of the electric fleld io a [€]]
crose=gaction of a ld=cm dismeter sphere
f31led vith u dielectric having ¢'e$0 and
»1,5 S/8 irvadlated by & plane vave at
450 e, ]
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Figure 10, Spectfic adsorptioz rate (SAR) iz the
uid-plane of a full-scale model of man
expoded €0 RF f1elds from resonsat dipoles
4t three 2 168, At each freqeuncy & gy
the dipole ves one-half vavelength long
aud vas placed adout cae~teath of the
viveleagth from the body surface, ‘

The values of the SAR wers massuted {2 the mid- [T]]
section of a full-scale model of s standerd maa (L75
e, 70 kg.)s  The model of man coasisted of a thin
plastic shell (wall thickcess ~2 ma), filled with
seniliquid material having electricsl propecties equal 1o}
to the properties of the average tissue, The satenass
vere located about ome teath of the vavelesgth from
the body sutrface 1= locatloas shown {z the 2igure,
This type of date is zeeded ia evaluation of potential
hazards due to use of portable RF trazssitters [§33]
[ RUIN

Conclusions
(121
A computer=controlled sechazical scsnnizg system
together with trisxial electric field probes provide a
viable dethod for mapplag electric fields (a3 air acd
dielectclc zaterials at radto frequescies, The elec-
vrocic circuitry assoctated with the probes facili- 113}
tates aeasurements of veak fields azd a relatively
vide dynaaic rvazge of over three dectdes,

The systes has been successfully used to obtaiz
spat{al discribution of the electric field iz full- (¢13]
scale models of asn aad simple geonetrical objacts
exposed 13 the =zesr~ aad far-fleld of various
azteznas,

0ffice of Naval RMesearch, the Cenadian Department of
Health anod Welfare acd che. Natural Scieances and Zagi~

aeeriog Council of Cacads. -
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Probing Electromagnetic Fields in Lossy
Spheres and Cylinders :

GARY H. WONG, STANISLAW S, STUCHLY, SENIOR MEMBER, IEEE, ANDRZE! KRASZEWSKI, AND
MARIA A, STUCHLY, SENIOR MEMBER, IEEE .

Ammt-DlsmbuM oi de«de tields in lossy sphem and inlinite
fossy cylinders simulati ob}mum um.m.w
2450 MHz The um dina
scanning system using three dx"emn implantable nonpemublng probes.
Tlnmullsmmm«lulmme«y and use ol lossy spheres and

ylinders for calibrati probes is quantitatively evaluated.

1. INTRODUCTION

OSIMETRY OF electromagnetic fields is essential in

quantifying biological effects of thess {ields and de-
veloping exposure standards for humans. Dosimetry is
concerned with the determination of the electric-ficld in-
tensity and ‘the rate of energy deposition in biological
bodies and their electrical models. The rate of energy
deposition is defined as thé specific absorption rate (SAR)
usually expressed in W/kg {1]. The SAR is directly related
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to the intensity of the electric field  situ and the electric
properties of the tissue.

Considerable progress in theoretical and experimental
dosimetric methods has taken place in recent years, as
reviewed elsewhere (1)-(3].

Lossy dielectric spheres serve as convenient models of
biological bodies and their parts [1)-[3). These models are I
relatively easy to analyze theoretically and to construct for
experimentation, They also provide adcquate simulation of
some biological systems under certain exposure «.ondmons
.

Fhe distribution of electric fields in a lossy sphere was
previously obtained theoretically (4), and a computer pro-
gram was developed {5]. Qualitative experimental verifica-
tion was obtained [6]: however, a quantitative analysis of
the accuracy with which the electric-field distribution can
be measured by implantable electric-field probes is want-
ing. The SAR distnbution was also measured by the ther-
mographic technique {7}, .

The electric fields in lossy cylinders were determined
analytically for an infinite cylinder (8} and analytically and
expenmentally for cylinders of finite length {9} In the h
latter case, ine experimental technique used had serious
limitations when used for cylinders of small diameters
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ﬁ compared with the wavelength. This technique is also not M

5.‘ « acceptable fof probing of the fields in biological bodies.

g The purpose of this study was twofold, firstly, to evaluate  +* ol !

- the application of lossy spheres and cylinders for calibra- wl IE;__ x

" tion of implantable probes used in bioeflects dosimetry, TE™ K

l and secondly, to obtain quantitative experimental data and

3 comparison with theoretical results at 350, 920, and 2450 &

1 MHz for the electric-ficld distribution in spheres and cylin- Fig. 1. TE and TM modes for a lossy cinularinfinute cohinder.

L: ders simulating the human body and its parts. This infor-

N mation can be further used for comparison with the elec. TABLE!

& tric-fie!d distributions in models more closely resembling SENSITIVITIES OF THE [MPLANTABLL PROBES De1ERMINED UNiNG

' the human body. Variogs MoDELS

]
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)i A. Spherical Models i ?iﬁ::": e ':': 5::5: i &
: The electric-field and SAR distributions in lossy spheres {2 | mmawm.n ::;' ;-"': : o
irradiated by a plane wave were calculated using the Mie = ‘ - s XY
i method {4). The numerical calculations were obtained using |1 | uusem|™'}t ™ e e v ‘_?.';?
i a computer program provided courtesy of the Bureau of | ¥ [ttmom w . ie e
R Devices and Radiological Health (5], i - L
3 ' B e o
3 B. Cylindrical Mode! LI b HoflbN P
i The electric-ficld and SAR distributions in an infinite ’ -.}-
R} lossy cylindrical model were obtained under plane-wave . A .
“ irradiation. A recursive method, derived by Bussey and 183 m was made of‘J.Z-mm-thxck solid aerdlic having 4 o
3 Richmond (8], was employed to solve the scattering amplj»  diclectric constant of 26, W
- wde of a lossy multilayered infinite cylinder for TE and __/ semisolid phantom material which simulates Lh‘ slec. ™
X TM modes as shown in Fig, 1. The infinite cylinder solu- trical properties of the a\c:agc\ tissue was 1uscd 2t 350 MHe, =
] tion can be used to approximate a finite-length cylinder (10} At Irequencics of 520 MHz and 245 GHz. sline o
3 within a limited range of the cylinder length, solutions were used as phantom materials because of their N
:.g low viscosity, simplicity of preparation, and elimination of Eo
- . C. Limitations of the Numerical Techmques the me_chanical perturbation of the phantom by the probe. :i.:[
5 Dimensions of the spherical and cylindrical models are 116 Permittivities of different phantom materials, as e }‘
I restricted by the computational instability of the angular Sured by an automatic measurement system with an uncer- s
' functions due to the arguments which are cither too small tainty of less .lhan 3 p_ercem_[.lll._arc given in Table I. E::'
u o 100 latge. . The elecu:lc-ﬁeld intensities in dlf{cgem models were 1
e Restrictions of the program for the spherical model are measured using a computer-based scanning sysiem and an o
‘+ as follows: electric-field-probe technique [12]. sy
- The molds filled with phantom materials are placed in e
" 9 the maximum number of fayers is 10, the far field of a selected antenna and accurately posie -
M @ cach layer is homogeneous, tioned to onsure a desired orientation of the incident .
g @ [k|r <90.83, where  is the radius of a homogeneous electric field with respect to the scanning direction: . T
= sphere and k is the propagation constant in the 4
Y medivm, B. Probes o
‘:: Limitations on the calculation for a homogencous in- Three-dipole electric-field probes, a Narda Model 2608 '.:-‘f
5 fimite cylinder are as follows: * (3 mm in diameter), an EIT model 979 (9 mm in diameter), -
i“ ¢ [kjR<228 and a Holaday Model I.\I_E-Ol (1_9 mm in diameter). were E,:
,_.‘! o [kir>1 8'} ,wherc R is the radius of the cylinder, £ is used to measure the electric-field intensity. The characteris- o
2 the ra du; of the observation point °a nyd P g th tics of these probes are descnbed elsewhere (13} N
propagal(ion constant in lhe“r)negi‘:m' Jis fhe The sum of _lhrcc voltages (Vy) detected by the dio(:'e- . oy
w o loaded dipoles is related to the square of the total electric- Pl
‘." Il.  MATERIALS AND METHODS field intensity [E7]® by the following expression: .;-
g A. Materials VT- BIEI'IZ ' ;::
- Molds for the 6.6-cm, 12-cm, and 16-cm diameter spheres ™
a were made of $-cm-thick RF transpareat polystyrene foam,  where B is the sensitivity of the probe in the tissue phan- :‘_-j
o The mold for the 24.8-cm diameter cylinder of a length of tom material. Lj-}
\‘- F£-9
N3 E:
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The sensitivity of each probe was determined for each
model from the following expression:

N N
E:l(Vr)A(WTII),
¥ (&)}

L3}

where (V7), is the total voltage at the probe detector
diodes (a sum of the three voltages of the three dipoles),
measured at an experimental point i, ([E;}*), is the theo-
retical value of the internal electric-field intensity in the
same point, and N is the number of points. The final value
of the sensitivity was arrived at by an iterative process, in
which only an unperturbed part of the distribution was
included, i.e.. that part for which the relative dilference
between the theoretical and experimental values was less
than 10 percent.

C. System Uncertainties

There are several sources of errors in the system that
may affect the accuracy of experimental results. Some of
the errors can be limited to be negligibly small through
proper arrangements and care. These include reflections
from the walls and the scanning system, In this work, they
have been eliminated by placing the whole system in an
anechoic chamber and covering the frame of the scanning
system with absorbing tiles. The incident electric field has
to be well defined in terms of its amplitude and direction.
The field intensity in our tests was determined from the
antenna gain calibration and measurements of the input
power to the antenna. The uncertainty in the intensity was
estimated a1 £0.5 dB. The direction (alignment) of the
antenna with respect 1o the probe was arranged within
+1°. The intensity of the ficld was always adjusted so that
the probcs operated in the linear region.

The main accuracy limitations in this experiment are due
to the probes themselves, namely to the cross-coupling of
the dipoles, lack of a perfectly isotropic response (due to
small differences between the three dipole-diode assem-
blies), remnant pick-up of their high-resistance leads and
the ficld perturbation by the leads.

IV, RESULTS AND DiscusstoN

A. Spherical Models .

A comparison of the theoretical and experimental data
for a 16-cm diameter sphere at 350 MHz is shown in Fig. 2.
On all illustrations, the probe is introduced {rom the
positive z direction, while the wave is incident from the
negative 2 direction. An excellent agreement can be seen
for a smaller diameter probe (9 mm, EIT model), except at
one end where the probe 1s introduced to the phantom. For
a large-diameter probe (19 mm, Holaday model), signifi-
cant deviations are also seen at the other end of the
distance scanned. Thus 1s due to the smearmg because of a
poor spatial resolution of the probe.

The experimental etror close to the pomt of probe
entrance is due to a formation of a neck through which the
nhantom material is flowing outside the sohere,
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Fig. 2. of the caleul and §.SAR dintnbuti
long the s-axis of an average-nisuc-phantom sphere. Soid line indis
cates the calculated values, X X measured values with the EIT probe.
€0 measured values with the Holadav probe, ¢ = 3.9, 9 = 1.03 S/m,
/=350 MHz, Incident Power Density =1 mW/ene, Diameter = L6
cm, Diameter/Aqg = o 19, Sensutivty 8= L2 =03 uV/(Vi/m®) for the
E{T probeand 1222 uV/(v-/m')  for the Holaday probe. The vertical
bars show the uncertainty of measurements, the double arrow indicates
the direction of incidénce of the wave, and the single arrow showy the
point where the probe is introduced into the phantom.
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Fig. 3 G of the calculated and red SAR ¢

along the :raus for three spheres filled with the muscle-cquinalent
saline, ‘=760, g =1 58 S/m, f =920 MHz, Inadent Power Dennty
=1 mW/cmé, Probe Narda Sohd Linc :ndicates the caleulated values,
X X measured values for 3 sphere of a duameter =66 cm.
Diameter/Aq -02 Semumty B= 071004 uV/(V/m*) Dashed
lne 1nd: lated values, 05 d values for a sphere of
a diametes = l" cm, Diameter/A, =037, Sensunity 8= 063208
#V/(V¥/m®) The dash-dot line indicates the catwulated values, ~ +
measured values for a sphere of a diameter =16 cm, Dumeter/Ag =
049, Seastumity 8= 0712006 AVIVE, o) The serteal bats indicate
the uncestainty of measuzements. the double argow indicates the direc-
uon of inczdence of the wave, and the ungle arrow shows the pownt of
orobe insertion.
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Fig. 3 provides a comparison of theoretical and experi-
mental results for three spheres at 920 MHz for the Narda
probe. This is the smallest diameter (3 mm) probe. and
smearing effect is -very small. The *“neck effect” is
climinated as a result of using a liquid phantom material,

Fig. 4 gives the results for 6.6-cm and 12-cm diameter
spheres at 2.45 GHz as measured with the Narda and EIT
probes. The spatial resolution limitations of both probes
are apparent, For instance, for the 6.6-cm diameter sphere,
where rapid changes of the SAR occur within about t em,
some smearing is evident in the second peak even for the
Narda probe.

B. Cylindrical Model

Fig. 5 illustrates the data for the cylindrical model, The
computational instability of the theoretical results close to
the cylinder center was caused by the divergence of the
Bessel functions in the region near the center.

The measurements were performed at the center of the
cylinder and at a distance of 0.44 A, from the end of the
cylinder (points 1 and 3). Very good agreement was ob-
tained for both probes for all locations except close to the
peint of the probe introduction. This was due to a smali
truncation of the cylinder.

C. General Discussion

As previously indicated, the agreement between theoretis
cal and expenmental SAR distributions is affected by
several factors, ¢.g., limitations of the theoretical solution
for the cylindrical model investigated, probe spatial resolu-
tion, mode! perturbation by the probe (“the neck” for
semxsolld phamom) Also, the agreement between the per-
mittivity assumed in calculations and that of the material
used plays a certain role.

The probe sensitivities as determined by 2 comparison of
the experimental and theoretical SAR distributions in dif-
ferent models for the three probes at 350, 920, and 2450
MHz are summarized in Table | and compared with the
data for slab phantoms [13). A rather good agreement
between the sensitivity values obtained using different
models was obtained.

V. CONCLUSIONS

A quantitative comparison between the distnbutions of
the specific absorption rate (SAR) obtained by analytical
methods and by probmg the electric fields in lossy spheres
and cylinders using implantable probes was performed.

An excellent agreement between the theory and experi-
ment was found within the limitations of the probes. The
main limitations of the ficld probing are due.to the Spatial
resolution of the probes, which in tum depends on the
probe size. Other probe limitations include the probe sym-

metry, cross-coupling between the dipoles, and the field Fg 5.

perturbation. The experiments confirmed that the com-
puter-controlled experimental dosimetry system {12] allows
to obtain the SAR distributions not only rapidly and
conveniently, but that the accuracy is practically de-
termined by the accuracy of the probe used, with much
smaller errors due to the remaining parts of the system.
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Fig. 4. C of the calculated and SAR distnbuti

along the axis for two saline-filled spheres ¢ = 77, 9. o=102$/m,
] =245 GHz, Incident Power Density =1 mW fem®, Solid tine indi-
cates the calculated values, X X measured values with the Narda probe,
Diameter =66 cm. Diamcter/Aq = 0.54, Scnsmm) 80080 0’
KV/(V3/m?). Dashed line indicates the calculated values, (0
values with the Narda probe, + + measured values with the EIT probe,
Diameter w12 cm, Diameter/Ao =098, Seasunity 5= 0082001
uV/(V ¥/md) (Narda) and 0.10 2001 xV/(V</m?) (EIT), The vettical
bars show the yncertaunty of measurements, the double arrow indicates
the direction of the incidence of the wave, and the single arrow shows
the pownt of probe insertion.
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Lossy diclectric spheres of proper sizes are convenient
for calibration of impiantable electric-field probes in tissue
phantoms, They are superior to cylinders and slabs, as they
facilitate calibration with the same or even better accuracy
than cylinders and slabs, and are smaller in size. The size is
of particular importance at lower frequencies (below 1
GHz) where the slab size required becomes cumbersome to
haadle {13}
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